
The dynamic environmental conditions of
riparian zones are dependent on precipi-
tation and streamflow, which greatly
influence the type of vegetative species
that occur (Naiman et al., 1993; Amlin and
Rood, 2001; Mitsch and Gosselink, 2000) .
Riparian vegetation is known to provide
nutrients to aquatic and terrestrial biota and
regulate light and temperature gradients
through water shading (Naiman et al., 1993;
Mahoney and Rood, 1998), assist in river-
bank stabilization (van Splunder et al., 1994)
and establishment of other species (Johnson,
1984;Watson et al., 1997). Although riparian
zones are highly valued for water quality and
biodiversity, human influences on these areas
have been devastating. For example, over the
last 200 years, more than 80 percent of ripar-
ian zones in North America and Europe have

been destroyed (Naiman et al., 1993).
Hastened bank erosion arid a decrease in the
diversity of native plant species are a few
consequences of human impacts on these
systems (Hoag, 1995).

Societal response to this degradation has
been slow, but efforts are being made to
restore these ecosystems. Several restora-
tion techniques have been applied in proj-
ects conducted worldwide to re-establish
riparian vegetation and stabilize stream-
banks including many projects in the south
central United States (Hoag, 1995; Shields
et al., 1995; Watson et al., 1995; Abt et al.,
1996). Woody vegetation occurring in
natural stands has proven to reduce stream-
bank erosion during stochastic events
(Geyer et al., 2000). Due to the extreme
nature of these events, which are character-

istic of riparian corridors, woody species,
such as willow (Salix spp.) are often used in
restoration efforts (Vora et al., 1988; van
Splunder et al., 1994; Hoag, 1995; Shields
et al., 1995; Shields, 1998; Schaff et al.,
2000; Pezeshki et al., 2002; Pezeshki arid
Shields, 2004).

Willows (Salicaceae spp.) are pioneer species,
inhabiting areas around swamps and bodies of
fresh water (McLeod and McPherson, 1973;
Karrenberg et al., 2002; Donovan et al., 1988).
Black willow (Salix nigra Marshall) exhibits
traits that are indicative of a flood tolerant
species; it survives and even thrives on active
floodplains (Karrenberg et al., 2002). The
ability to establish rapidly by means of its mas-
sive root system, as well as the ability to regen-
erate from dormant and non-dormant,
unrooted cuttings allows black willow to be a
cost effective species for riparian restoration
(Shields et al., 1995; Shields et al., 1998; Schaff
et al., 2000; Pezeshki et al., 2005).

Despite some reported successes, many
projects using black willow cuttings have
suffered from low survival rates. Factors that
have contributed to the low survival are
erosion, herbivory, and soil moisture extremes
(Pezeshki et al., 1998a; Schaff et al., 2000;
Pezeshki, 2003). Soil moisture conditions
have proven to have a significant impact on
the initial cutting growth and survival, there-
fore it has been the focus of several research
projects. Flood and drought conditions were
reported as leading causes of low growth and
biomass production in black willow cuttings
(Donovan et al., 1988; Pezeshki et al., 1998a;
Schaff et al., 2003). The effects of soil condi-
tions on black willow in combination with
other planting techniques have received con-
siderable attention but still remain a critical
concern in restoration efforts. Several studies
have examined interactive effects on cuttings
by soil moisture arid other factors such as soil
texture and elevation (Pezeshki and Shields,
2004, Pezeshki et al., 2002, Schaff et al., 2003,
Shields et al., 1998). However, the influences
of initial cutting size and the potential inter-
action with soil moisture regime have not
been explored.
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ABSTRACT: Streambank restoration projects utilize large black willow (Salix nigra) cuttings
otherwise known as posts; however, potential exists that smaller size cuttings alone or in
combination may improve success efforts. Furthermore, the effects of soil moisture conditions
and the potential interaction between size of the cutting and soil moisture regime have not been
tested. Therefore, a greenhouse study was conducted to quantify cutting performance in
response to the combined effects of soil moisture and diameter size. Replicated cuttings with
basal diameters measuring 1, 5, or 10 cm (0.4, 2, or 4 in) were placed in three soil moisture
regimes including well-watered, periodic flooding and drought. Biomass accumulation and
partitioning, height, and survival were measured. tinder periodic flooded conditions, 10 cm
(4 in) cuttings had greater leaf number and weight (p<.o5), leaf area index (p<.o5), shoot weight
(p<.o5), root weight (p‹.05), and height growth (p<.o5) compared to 1 and 5 cm
(0.4 and 2 in) cuttings (p<.o5). Survival was best for 1 cm (0.4) cuttings in all three moisture
regimes (loo percent) and for 10 cm (4 in) cuttings under flooded conditions (loo percent).
Growth and biomass of 10 cm (4 in) cuttings were reduced by drought compared to periodic
flooding treatment (p=.02). Based on the data, it appears that planting strategies using i cm
(0.4 in) cuttings of black willow in any given moisture regime may lead to increased survival
rates. Planting larger cuttings may improve overall restoration success. The technique of
planting a combination of these two diameters may help to further stabilize streambanks.

Keywords: Cutting size, erosion control, riparian restoration, streambank stabilization, soil
moisture

SIO 2006



mhowell
Rectangle



Many of the restoration efforts using black
willow utilize large cuttings otherwise known
as "posts". For example, Hoag (1995) used
cuttings of various species that were 8 to
20 cm (3 to 8 in) in diameter. Watson et al.
(1997) highly recommended the use of larger
posts (minimum of 4 cm; 1.6 in) to increase
survival in the field, yet sample sizes were
small for cuttings less than 4 cm leaving the
question open as to what diameter of black
willow is most appropriate for planting. In
contrast, smaller diameter (2 to 3 cm; 0.8 to
1.2 in) cuttings of willow had higher survival
rates than larger diameter cuttings (Vora et al.,
1988). It is important to note that larger
diameter cuttings have a greater food and
water reserve than smaller diameter cuttings of
equal length and consequently may have an
advantage over smaller diameter cuttings
enabling them to develop a more extensive
root system early in the establishment period
(Hoag, 1993). In contrast, smaller diameter
cuttings are younger plant material, and for
this reason may grow more vigorously or
differentiate more efficiently to form roots
and shoots.

In light of these considerations, the present
study was conducted to examine the effects
of cutting diameter and soil moisture on the
survival and performance of black willow.
The specific objective was to quantify cutting
performance due to the individual and the
combined effects of cutting diameter and soil
moisture. The main hypothesis of this study
is that growth and survival will increase with
greater cutting diameter within all moisture
treatments. The three questions asked were:
1) Does initial cutting diameter affect subse-
quent growth and survival of transplanted
black willow cuttings? 2) Are there any addi-
tive or synergistic effects between cutting
diameter and soil moisture conditions where
cuttings are transplanted? and 3) If so, what
effect does diameter have on the level and
nature of the response to soil moisture
regime? Such information is critical and may
help improve planting techniques that may
utilize the most appropriate cutting size based
on the predominant soil moisture regimes
within a designated restoration site.

Materials and Methods
Black willow cuttings were collected from a
localized population on the Loosahatchie
River floodplain in western Tennessee in late
March 2004. Each cutting, 1.2 m (4 ft) in
length, was cut so the basal diameter meas-

ured 1 cm, 5 cm, or 10 cm (0.4, 2, or 4 in).
Larger diameter cuttings (10 cm; 4 in) were
removed from the base of individual parent
plants, and when possible 1 and 5 cm (0.4 and
2 in) cuttings were collected from the
branches and shoots of these parent plants.
The existing branches were removed from
the cuttings to conform to common planting
practices (USDA-NRCS, 1996). Cuttings
were transported to the laboratory and
wrapped in wet towels, covered with dark
plastic bags, and stored overnight in a cool,
dark room. Cuttings were planted in the
greenhouse within 24 hours.

Pots 0.6 m (2 ft) high and 15 cm (6 in) in
diameter were constructed of PVC pipe and
filled with two parts commercial sand and
one part field soil (v:v) which was collected
from the same area as the cuttings (Falaya Soil
Series). Caps were glued to the bottom and
a hole was drilled on the side of each pot to
allow for control of water regime. A single
cutting was planted in each pot so that 55 cm
(22 in) of the cutting remained above the soil
level. The study was conducted in an air-
conditioned greenhouse with an average
daily temperature of 25°C (77°F) using
natural light. Cuttings were maintained
under well-watered conditions for 14 days
before initiation of soil moisture treatments to
allow for root initiation. Cuttings were fertil-
ized weekly with 200 mL of 20-20-20 Peter's
fertilizer mixed with tap water at 1.25 g

Eleven cuttings of each diameter were
placed in each of the three water regimes
including periodic flooding (PF, one day
flooded to 5 cm (2 in) above soil surface,
six days drained), control (C, well-watered,
well-drained), and drought (DR, please see
the following paragraph) for a total of 99
replicates. Flooding occurs in low elevation
areas along the stream edge creating saturated
soils that can be stressful for plants located
here (Shields et al., 1995; Pezeshki et al.,
1998b; Schaff et al., 2003). In high-elevated
areas along the streambank where depth to
the water table is great, drought conditions
may occur throughout the growing season.
Once a day for the duration of the experi-
ment, approximately 1000 mL of tap water
was added to each pot in periodic flooding
and control treatments.

To ensure soil drought and monitor
drought conditions in drought treatment,
predawn leaf water potential OH measure-
ments were conducted on days 24, 31,38, and
43 after treatment initiation using a pressure

chamber (PMS Instrument Co., Model
1002). Once predawn 1P I reached between -
5 to -7 bars, cuttings were lightly watered to
maintain drought conditions but prevent
mortality of cuttings. On each measurement
day, three samples from each of the cutting
diameters in both control arid drought treat-
ments were randomly selected for data col-
lection totaling nine measurements per soil
moisture treatment. Plant predawn ipi in
drought treatment was compared to the con-
trol treatment to ensure drought conditions
were present. To monitor changes in soil
oxidation-reduction conditions, soil redox
potential was measured in periodic flooding
and control treatments at 30 cm (12 in)
below the soil surface using platinum-tipped
electrodes, a millivoltmeter  (Orion, Model
250A), and a calomel reference electrode
(Corning, Model 476350). Soil redox poten-
tial measurements were conducted on days
23, 30, 37, and 42 after treatment initiation.
Soil redox potential was measured on three
samples from each of the cutting diameters
for a total of nine measurements per soil
moisture treatment.

The experiment followed a randomized
block design. Cuttings were blocked by
water regime and the three different diameter
sizes were randomly assigned within each
regime. All cuttings were planted on March
29, 2004. Soil moisture treatments were ini-
tiated on April 13, 2004. Harvesting was
completed on June 29, 2004.

At planting, initial height for all cuttings
was determined to be 0 (cutting only; no
shoot growth). Height growth was measured
from the top of the cutting to the tip of
tallest shoot. Leaf chlorophyll content was
measured for every cutting at the end of the
study using a chlorophyll content meter
(Opti-Sciences, model CCM-200). Leaf
chlorophyll content was measured on the
third leaf from the top of the shoot in order
to avoid taking measurements on very young
or older leaves. However, due to the death of
mature leaves on cuttings in the drought
treatment, chlorophyll data was not available
for drought plants. Survival was determined
at the end of the experiment by visual inspec-
tion for living aboveground and below-
ground biomass. If the aboveground biomass
was dead and the cutting had less than five
apparent live roots, the cutting was considered
to be dead. If the aboveground biomass was
alive and the cutting had less than five live
roots, the cutting was considered to still be
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alive at the end the study although in the
process of dying.

At the conclusion of the study, cuttings were
separated into shoots, leaves, and roots. Shoots
and leaves were separated from the cutting and
carefully counted. They were then separated
and oven-dried at 70°C (158°F) until a con-
stant weight was reached. Roots were count-
ed, removed from the cutting, and carefully
washed. Belowground components were also
placed in separate bags and dried in an oven to
a constant weight. All growth variables were
then weighed for biomass. Root/shoot ratios
were calculated using the total amount of roots
and shoots for each cutting. Leaf area was cal-
culated using a leaf area model presented in
Pezeshki et al. (1998a).

Multivariate analysis of variance (MANO-
VA) of the general linear model was used to
test for differences in growth variables
between diameter  sizes within and across
each soil moisture treatment. Analysis for
predawn leaf water potential, height growth,
and chlorophyll content was conducted as a
two-factor analysis of variance (ANOVA).
Tukey's Studentized range test was used to
identify differences in the pair-wise compar-
isons. A two-factor chi square analysis was
used to determine differences in survival
rates. T-test procedures were used to test for
significance in soil redox measurements
between periodic flooding and control soil
moisture treatments. All analyses were per-
formed using the SPSS 11.0 statistical pack-
age with an alpha level <0.05.

Results and Discussion
Soil conditions. Soil redox potential levels
remained in an aerated range (soil redox
potential > + 350) in all periodic flooding
pots prior to treatment initiation. Within
24 hr after flooding was initiated, soil redox
potential levels in the periodic flooding treat-
ment were reduced (soil redox potential < +
350). This soil reduction was significant from
soil redox potential levels in the control treat-
ment, which remained aerated (Mean soil
redox potential = 444.9, ± s.d. = 72.6, p
<0.001). Soil redox potential levels in the

periodic flooding treatment were never
severely reduced due to the short duration of
the flooding event (ranged between + 230 to
+ 326 mV). Soil redox potential levels
returned to the aerated range after the flood-
ing water was removed. This pattern was
consistent throughout the course of the study.

The interaction between cutting size and

soil moisture was significant for predawn vi
(Table 1). Predawn v i of 10 cm cuttings was
lower (more negative) compared to 1 and
5 cm (0.4 and 2 in) cuttings in the drought
treatment. However, predawn values in the
control treatment did not differ significantly
across diameter sizes (Figure 1). Predawn
v i values in the drought treatment were on
average significantly lower (more negative)
than cuttings in the control treatment
(-1.3 and -5.0 bars, respectively) confirming

drought conditions.
Effects of cutting diameter on biomass com-

ponents within various moisture treatments.
There was a significant interaction between
soil moisture and cutting diameter on the
biomass components including number of
leaves (L), leaf weight (LW), number of shoots
(S), shoot weight (SW), number of roots (R),

root weight (RW), root:shoot ratio (R:S
ratio), and leaf area (LA) (Table 1) . Simple
main effects analysis was conducted for the
interaction between moisture treatments and
diameter size. Biomass parameters showed
significant differences between the three
diameter sizes within each moisture treat-
ment: for treatment control (F (16,46) = 4.70,
p<.0.001); for treatment periodic flooding
(F ( 16,46) = 7.164, p<0.001); for treatment
drought (F (16,46) = 4.847, p<0.001). The

510 2006 VOLUME 61 NUMBER 5 313



results of the pair-wise comparisons indicated
that in the control treatment, 5 and 10 cm
(2 and 4 in) cuttings did not differ signifi-
cantly overall for the biomass parameters.
Also, in the drought treatment, 1 and 10 cm
(0.4 and 4 in) cuttings did not differ signifi-
cantly for the biomass parameters.

In periodic flooding treatment, leaves, leaf
weight, and leaf area were greatest for 10 cm
(4 in) cuttings compared to 1 and 5 cm
(0.4 and 2 in) cuttings. In addition, leaves,
leaf weight, and leaf area were significantly
greater in 5 cm (2 in) cuttings compared to
1 cm (0.4 in) cuttings in this treatment. In
control treatment, leaves, leaf weight, and leaf
area were greater in 5 and 10 cm (2 and 4 in)
cuttings compared to 1 cm (0.4 in). In
drought treatment, leaf weight, and leaf area
did not differ significantly among cutting
diameters. However, leaves were greater in
10 cm (4 in) cuttings compared to 5 cm (2 in)
cuttings. Leaf numbers and weight of 1 cm
(0.4 in) cuttings were comparable to that of
5 cm (2 in) cuttings in the drought treatment
(Figure 2a, b, c).

Numbers of shoots and shoot weight were
greatest for 10 cm (4 in) cuttings in periodic
flooding treatment compared to 1 and 5 cm
(0.4 and 2 in) cuttings. Although number of
shoots was not significantly different among
cutting sizes in control treatment (Figure 3a),
shoot weight was greater in 10 cm (4 in) cut-
tings compared to 1 cm (0.4 in) cuttings
(Figure 3b). Shoot weight for 5 cm (2 in)
cuttings did not differ significantly from shoot
weight of 1 or 10 cm (0.4 and 4 in) cuttings
in this treatment. In drought treatment,
number of shoots and shoot weight were
greatest in 10 cm (4 in) cuttings compared to
5 cm (2 in) cuttings (Figure 3a, b).

Numbers of roots were greatest for 1 and
10 cm (0.4 and 4 in) cuttings compared to
5 cm (2 in) cuttings in periodic flooding
treatment (Figure 4a). Root weight was
greatest for 10 cm (4 in) cuttings in this treat-
ment compared to .1 and 5 cm (0.4 and 2 in)
cuttings (Figure 4b). However, number of
roots:number of shoots ratio was greatest for
1 cm (0.4 in) cuttings compared to the other
cutting sizes (Figure 4c). In control treat-
ment, number of roots and number of
roots:number of shoots ratio were greater for
1 cm (0.4 in) cuttings compared to 5 cm
(2 in) cuttings, but root weight did not differ
between cutting sizes. In drought treatment,
number of roots and number of roots: num-
ber of shoots ratio were greater for 1 and
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10 cm (0.4 and 4 in) cuttings compared to
5 cm (2 in) cuttings. Root weight was
greater in 1 cm (0.4 in) cuttings compared to
5 cm (2 in) cuttings while root weight of
10 cm (4 in) cuttings was comparable to root
weight of 1 and 5 cm (0.4 and 2 in) cuttings
(Figure 4a, b, c).

Effects of cutting diameter on biomass
components across moisture treatments. The
biomass parameters also showed significant
differences for the 1 and 10 cm (0.4 and 4 in)
but not the 5 cm (2 in) diameter size cuttings
across soil moisture treatments (for 1 cm
(0.4 in): F(14 ,42) = 3.358, p = 0.001; for 5 cm
(2 in): F(I4 ,42) = 0.527, p = 0.361; for 10 cm (4
in): F(14 ,42) = 2.828, p = 0.001). The results
of the pair-wise comparisons showed that for
1 cm (0.4 in) size cuttings, biomass parameters
did not differ for cuttings grown in periodic
flooding and drought treatments in compari-
son to those grown in control treatment, but
they differed significantly from each other.
The results also indicated that 5 cm (2 in) cut-
tings did not differ on the biomass parameters
across moisture treatments. In contrast, for 10
cm (4 in) cuttings, biomass parameters for cut-
tings grown in drought treatment did not dif-
fer from control treatment.

For 1 and 5 cm (0.4 and 2 in) cutting sizes,
most biomass parameters did not differ across
moisture treatments (Figures 5, 6, and 7a).
However, root weight for 1 cm (0.4 in) cut-
tings was greater in drought compared to
periodic flooding treatment (Figure 7b).
Root: shoot ratio for 1 cm (0.4 in) cuttings
was greater in drought treatment compared
to periodic flooding treatment (Figure 7c).

For 10 cm (4 in) cuttings leaves, leaf weight
and leaf area were greatest in periodic flood-
ing treatment compared to both control and
drought treatments (Figure 5). In addition,
the number of shoots was greater in periodic
flooding treatment compared to control
(Figure 6a). Shoot weight for 10 cm (4 in)
cuttings was greater in periodic flooding
compared to control and drought treatments
(Figure 6b). Root numbers were greater for
10 cm (4 in) cuttings in periodic flooding
treatment compared to control, but root
weight was greater in periodic flooding com-
pared to drought treatment (Figure 7a).

Chlorophyll content, height growth, and
survival. Height growth data showed a
significant interaction between cutting size
and moisture treatment (Table 2). Height
growth was significantly different among cut-
ting sizes only in periodic flooding treatment;

it was greater in 10 cm (4 in) cuttings at the
end of the study compared to 1 and 5 cm
(0.4 and 2 in) cuttings. Cutting sizes did not
differ significantly in height growth in control
or drought treatments (Figure 8).

Height growth did not differ across mois-
ture treatments for 1 cm (0.4 in) cuttings but
did differ for 5 and 10 cm (2 and 4 in) cut-
tings (Figure 9). Height growth was greatest
for 5 cm (2 in) cuttings in periodic flooding
treatment compared to drought, where

growth did not differ significantly between
control and drought or between control and
periodic flooding treatments. Height growth
was greatest in periodic flooding treatment
for 10 cm (4 in) cuttings compared to control
and drought treatments, and growth was
greater in control compared to drought treat-
ment (Figure 9).

Analysis of leaf chlorophyll content
data showed no interaction between cutting
diameter and moisture treatment. Chlorophyll
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content was not significantly different between
cutting diameters but was significantly affected
by moisture treatment (Table 2). At the end of
the study; cuttings in periodic flooding treat-
ment had significantly lower chlorophyll con-
tent compared to cuttings in the control
treatment (C = 5.87, PF = 3.68). This find-
ing indicates that there was some chlorophyll
degeneration in willow leaves as a result of
periodic flooding.

Survival rate of 1 cm (0.4 in) cuttings was
100 percent in all moisture treatments.
However, survival of cuttings differed signifi-
cantly only in the periodic flooding treatment
(Table 3). Survival of 5 cm (2 in) cuttings was
lower compared to 1 and 10 cm (0.4 and 4 in)
cuttings in this moisture treatment. Survival
rates did not differ significantly across moisture
treatments for any of the cutting diameters.

Effects of cutting diameter on growth and
biomass components within various moisture

treatments. The biomass data indicated the
influence of initial cutting diameter on
growth and survival of black willow grown
under varying soil moisture conditions.
Growth and a number of biomass parameters
were greater for 10 cm (4 in) cuttings in the

a periodic flooding treatment compared to
1 and 5 cm (0.4 and 2 in) cuttings (Figures 2,
3, 4, and 8).

Reports of short-term flooding effects
on flood- tolerant species, including black
willow, have been conflicting. Several studies
have shown a decrease in growth and some
biomass components as a result of inundation
(Donovan et al., 1988; Pezeshki and
Anderson, 1997; Pezeshki et al., 1998ab).
However, McLeod and McPherson (1973)
noted an increase in growth of black willow
in saturated soils. The confusion is primarily
due to the difference in duration of flooding
among these studies as well as lack of quan-
tification of soil redox conditions that prevail
in inundated soils. It imposes a wide range of
soil redox potential with significant implica-
tions for wetland plant survival, growth, and
root functioning (for a review see Pezeshki
2001 and the references cited therein).
Nonetheless, a wide range of soil moisture
conditions including flooded (low soil redox
potential), partially flooded, and periodic
drought, characterize riparian systems where
black willow is found (Shields et al., 1995;
Schaff et al., 2003).

In addition to soil moisture conditions,
diameter size may be an important factor for
survival and growth of cuttings (posts) planted
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for riverbank restoration projects. For
instance, height growth also increased with
increasing cutting diameter in a Populus alba
hybrid (Hansen and Tolstead, 1981). This is
expected since larger diameter cuttings have
greater storage of carbohydrate and water
reserves compared to smaller cuttings (Hoag,
1993). These reserves may aid larger cuttings
in rapidly producing biomass and establishing
a root system.

In the present study, soil condition was not
reduced severely in the periodic flooding
treatment due to the short- term duration of
flooding imposed (soil redox potential ranged
between + 230 to + 326 mV). The one day
of flooding event was then followed by six
days of drainage where adequate soil moisture
combined with aerated soil conditions were
present (soil redox potential ranged between
+ 530 to + 555 mV). With these alternating
soil conditions, the large store of reserves as a
result of large cutting size may have con-
tributed to the greater height growth and
biomass accumulation of 10 cm (4 in) cut-
tings in the periodic flooding treatment
compared to 1 and 5 cm (0.4 and 2 in)
cuttings (Figures 2, 3, 4, and 8).

Flooding also affects belowground com-
ponents dramatically. First, production of
aerenchyma tissue and adventitious roots is
initiated by flooding in flood- tolerant species
such as black willow. These characteristics
play an important role in oxygen transport
allowing these species to survive in periodi-
cally saturated soils (Pezeshki et al., 1998a;
Schaff et al., 2003). Moreover, aerenchyma
tissue and adventitious rooting contribute to
the high nutrient-uptake efficiency of flood-
tolerant species (Kozlowski, 1997). Second,
flooding affects root production and biomass
of riparian plants. Initially, root growth is
reduced by soil inundation in most woody
plants, which consequently decreases root/
shoot ratios (Kozlowski, 1997). For instance,
root mass of tamarack (Larix laricina) seedlings
was reduced due to flooding compared
to non-flooded seedlings (Islam and
MacDonald, 2004). Additionally, root bio-
mass of black willow decreased in response to
continuously flooded conditions (Pezeshki et
al., 1998a).

In the present study under periodic flood-
ing treatment, although 5 and 10 cm (2 and
4 in) cuttings had greater aboveground
biomass accumulation, the smaller cuttings
produced more roots than 5 cm (2 in) cut-
tings and a greater root/shoot ratio compared
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to the other cutting diameter sizes even
though root weight was the least for 1 cm (0.4
in) diameter cuttings (Figure 4). Establishing a
root system is important in streambank restora-
tion. Root production and proliferation can
improve soil strength and thus, retard bank col-
lapse (Shields et al., 1995). For example, pro-
duction of larger, stronger roots in trees
reduced the extent of streambank erosion on
the Kansas River during a large flood (Geyer
et al., 2000). In the present study, root
response of 1 and 10 cm (0.4 and 4 in) cuttings

to the periodic flooding treatment showed that
these cutting diameter sizes could help provide
bank support in low elevation zones in the
field where they are likely to be subjected to
periodic flooding.

Under control treatment, aboveground
biomass accumulation of 5 and 10 cm cuttings
was greater compared to 1 cm (0.4 in) cuttings
(Figures 2 and 3). However, root numbers
arid biomass of 1 cm (0.4 in) cuttings were
comparable to that of 10 cm (4 in) cuttings
(Figure 4), and height growth of the three cut-

ting diameter sizes was similar (Figure 8). This
finding is in agreement with the previous
reported performance of black willow cuttings
in the field. For example, height growth was
enhanced in cuttings 7.8 cm (3 in) in diameter
located along a streambank in mid-elevation
plots (Schaff et al., 2003). Moist, well-drained
soils typically provide an optimum environ-
ment for root growth for some species
(Donovan et al., 1988) as well as enhance
aboveground growth in black willow
(Pezeshki et al., 1998a).

The predawn vi data showed that, while
not significantly different, v i of 5 and 10 cm
(2 and 4 in) cuttings was more negative than
1 cm (0.4 in) cuttings in the control treat-
ment. The nature of growth medium (sandy
coarse sediments) characterized by fast
drainage along with more leaf surface area in
10 cm (4 in) cuttings may have resulted in less
soil water availability and excess water loss.
Aeration of the soil and the high percentage
of sand may have led to decreased water
absorption and in turn increased internal
moisture stress of the larger cuttings leading
to mid-day depression of photosynthesis.
Such internal water deficit, which can occur
even in moist soils, can negatively affect plant
processes such as photosynthesis and growth
(Dickson and Broyer, 1972). The potential
adverse effects on photosynthetic activity as a
result of internal moisture stress may have led
to the observed reduced height growth of
10 cm (4 in) cuttings in the control treatment
(Figure 9). Further investigation into physio-
logical responses of varying cutting diameters
across a range of soil moisture conditions is
needed to quantify these differences and
understand the mechanisms responsible for
the observed responses.

The biomass and predawn vi data indicated
sensitivity of 5 and 10 cm (2 and 4 in) cut-
tings to the drought treatment. For instance,
vi of 10 cm (4 in) cuttings was significantly
more negative than 1 cm (0.4 in) cuttings
indicating greater leaf and root water deficits
of the larger cuttings (Figure 1). The devel-
opment of greater internal water deficits was
further confirmed by biomass data (Figures 2,
3, and 4).

Drought conditions have been shown to
adversely affect growth and biomass of
woody species (Dionigi et al., 1985; Pezeshki
et al., 1998ab; Mahoney and Rood, 1992;
Ogaya et al., 2002). For example, seedlings of
Salix spp. had lower biomass in declining
water table treatments compared to seedlings
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in saturated treatments (Horton and Clark,
2001). Reduced leaf biomass production is a
common response to drought for black
willow (Pezeshki et al., 1998a; Schaff et at,
2003). This response could lead to reduc-
tions in carbohydrates and sugars due to a
smaller photosynthetic surface area. This
may help explain the observed reduction in
aboveground biomass accumulation of the
larger diameter cuttings in the drought treat-
ment (Figure 5).

Drought also negatively affected below-
ground biomass accumulation of willow
cuttings. Numbers of roots for 5 cm (2 in)
cuttings was severely affected by drought
compared to 1 and 10 cm (0.4 and 4 in)
cuttings, and only two 5 cm (2 in) cuttings
produced more than 20 roots in this treat-
ment. In contrast, the 1 cm (0.4 in) cuttings
produced 63 or more roots, and the 10 cm
(4 in) cuttings produced 29 or more roots per
cutting. Reduced root initiation and elonga-
tion as a result of drought has been noted in
black willow (Pezeshki et al., 1998a). The
high root production and root/ shoot ratio of
1 cm (0.4 in) cuttings may allow this cutting
diameter size to maintain contact with a
declining water table in the field thus, partially
avoiding drought. Such efficient establish-
ment of roots can help increase survival of
riparian plants as well as the potential for
continuous contact with the declining water
table occurring during drought events
(Mahoney and Rood, 1998). Based on the
response of the larger diameter cuttings to
drought, the hypothesis that larger diameter
cuttings would be most successful in all mois-
ture treatments is rejected.

At least a moderate level of survival of
willow cuttings is essential for the success of
a restoration project. Shields et al. (1995)
suggested a 50 percent survival rate of willow
cuttings after two years was necessary for
good cover of streanibanks, whereas Watson
et al. (1995) suggested a minimum of 34 per-
cent survival for bank stabilization. Whatever
the optimal survival rate may be, survival has
been reported to increase with cutting diam-
eter (Hansen and Tolsted, 1981) while flood-
ing and drought have been known to reduce
survival in willows (Abt et al., 1996; Shields et
al., 1998; Pezeshki et al., 1998a; Gage and
Cooper, 2004). Although survival rates of the
three cutting diameters did not differ signifi-
candy in control and drought treatments,
survival of 5 and 10 cm (2 and 4 in) cuttings
was lower compared to 1 cm (0.4 in) cuttings
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Table 2. ANOVA table (F value, df and p value) for the simple effects and interaction between cutting diameter and soil moisture for leaf
chlorophyll content (LCC) and height growth of black willow cuttings.

Height growth (cm) LCC (ccl units)

Source of variation df F p df F p

Moisture 2 19.89 <0.001 1 11.66 0.001

Diameter 2 9.04 <0.001 2 0.750 0.477

Moisture*Diameter 4 3.45 0.01 3 0.561 0.561

(Table 3). It is likely that the root initiation
capability of 1 cm (0.4 in) diameter cuttings
contributed to its high percentage of survival
in all moisture treatments.

Effects of cutting diameter on growth and

biomass components across moisture treat-

ments. The biomass data also indicated the
influence of cutting diameter on growth and
biomass accumulation across moisture treat-

ments. When subjected to increased soil
moisture availability, members of the
Salicaceae family have displayed enhanced
shoot growth (Hansen and Phipps, 1983).
Other studies have shown that black willow
reduces biomass production in response to
flooding (Donovan et al., 1988; Pezeshki et
al., 1998a). However, in the present study,
periodic flooding appeared to enhance height
growth and aboveground biomass accumula-
tion of 10 cm (4 in) cuttings compared to

control and drought treatments (Figure 5, 6,
9). Also, drought reduced height growth of
10 cm (4 in) cuttings by 71 and 33 percent
compared to periodic flooding and control
treatments, respectively. These results are
consistent with previous reports of reduced
height growth in response to drought for
black willow (Dionigi et al., 1985; Pezeshki et
al., 1998a). Drought also reduced shoot

growth in a Populus species (Mahoney and
Rood, 1992). The effects of periodic flood-
ing and drought on 10 cm (4 in) cuttings are
also seen in the belowground production.

Root numbers and biomass data reflected
the influence of soil moisture on willow
cuttings. Root production of 10 cm (4 in)
cuttings was enhanced due to periodic flood-
ing compared to cuttings in the control treat-
ment, and soil drought significantly reduced
root weight compared to periodic flooding

(Figure 7a, b). Root biomass of black willow
decreased in response to drought (Pezeshki et
al., 1998a) as was noted in the present study.
For instance, 10 cm (4 in) cuttings had a water
potential decrease from an average of -1.3
bars (in control cuttings) to -7.3 bars (in
drought cuttings). Plant water stress can limit
growth and development by disrupting plant
activities such as transpiration and photosyn-
thesis (Mahoney and Rood, 1992; Pezeshki et
al., 1998a). Flood tolerance is a trade off for
drought intolerance in black willow. Because
growth and biomass accumulation of 10 cm
(4 in) cuttings was reduced by drought com-
pared to periodic flooding, planting this
cutting diameter in high-elevation zones in
the field will likely decrease success of the
project. The enhanced growth and biomass
of 10 cm (4 in) cuttings in the periodic flood-
ing treatment indicates that this diameter size
is more suitable for planting in low- to mid-
elevation areas in the field. In general, these
findings are in agreement with the results of
several other studies that evaluated the effects
of cutting diameter size on growth and
survival of other woody species (Table 4).

In contrast to the results for belowground
biomass of 10 cm (4 in) cuttings, root biomass
of 1 cm (0.4 in) cuttings was greater in con-
trol and drought treatments compared to the
periodic flooding treatment (Figure 7b).
Donovan et al. (1988) also noted a decrease
in root biomass of black willow cuttings in
flooded conditions. While soil reduction was
not considered to be severe in this study, it is
likely that soil redox potential conditions may
have been stressful enough for this cutting
diameter to adversely affect root biomass.
The apparent increase in root biomass in the
drought treatment can be explained by the
predawn data. The 1 cm (0.4 in) cuttings,
with an average water potential of -3.0 bars,
did not appear to have experienced water
stress unlike the larger cuttings. The lower
water demand of 1 cm (0.4 in) cuttings due
to a relatively low aboveground biomass
accumulation and leaf area may have allowed
water to remain available in the soil for a
longer period of time thus, providing a less
stressful environment for root development.



in saturated treatments (Horton and Clark,
2001). Reduced leaf biomass production is a
common response to drought for black
willow (Pezeshki et al., 1998a; Schaff et al.,
2003). This response could lead to reduc-
tions in carbohydrates and sugars due to a
smaller photosynthetic surface area. This
may help explain the observed reduction in
aboveground biomass accumulation of the
larger diameter cuttings in the drought treat-
ment (Figure 5).

Drought also negatively affected below-
ground biomass accumulation of willow
cuttings. Numbers of roots for 5 cm (2 in)
cuttings was severely affected by drought
compared to 1 and 10 cm (0.4 and 4 in)
cuttings, and only two 5 cm (2 in) cuttings
produced more than 20 roots in this treat-
ment. In contrast, the ' 1 cm (0.4 in) cuttings
produced 63 or more roots, and the 10 cm
(4 in) cuttings produced 29 or more roots per
cutting. Reduced root initiation and elonga-
tion as a result of drought has been noted in
black willow (Pezeshki et al., 1998a). The
high root production and root/ shoot ratio of
1 cm (0.4 in) cuttings may allow this cutting
diameter size to maintain contact with a
declining water table in the field thus, partially
avoiding drought. Such efficient establish-
ment of roots can help increase survival of
riparian plants as well as the potential for
continuous contact with the declining water
table occurring during drought events
(Mahoney and Rood, 1998). Based on the
response of the larger diameter cuttings to
drought, the hypothesis that larger diameter
cuttings would be most successful in all mois-
ture treatments is rejected.

At least a moderate level of survival of
willow cuttings is essential for the success of
a restoration project. Shields et al. (1995)
suggested a 50 percent survival rate of willow
cuttings after two years was necessary for
good cover of streambanks, whereas Watson
et al. (1995) suggested a minimum of 34 per-
cent survival for bank stabilization. Whatever
the optimal survival rate may be, survival has
been reported to increase with cutting diam-
eter (Hansen and Tolsted, 1981) while flood-
ing and drought have been known to reduce
survival in willows (Abt et al., 1996; Shields et
al., 1998; Pezeshki et al., 1998a; Gage and
Cooper, 2004). Although survival rates of the
three cutting diameters did not differ signifi-
cantly in control and drought treatments,
survival of 5 and 10 cm (2 and 4 in) cuttings
was lower compared to 1 cm (0.4 in) cuttings
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The good root growth of 1 cm (0.4 in) cut-
tings may allow these cuttings to remain in
contact with the declining water table and
inadvertently avoid water stress and possibly
death in the field.

Flooding and streambank erosion are among
the primary factors that govern black willow
mortality in restoration projects. In these proj-
ects, willow cuttings are planted for the purpose
of stabilizing eroding steambanks by providing
physical stability required by pioneer species.
The lowest elevation zone is subjected to the
most stress due to stream velocities and frequent
flooding. High water velocities tend to rip
plants from the ground before they have a
chance to establish a root system (Hoag and
Landis, 2001). The technique of planting a
combination of 1 and 10 cm (0.4 and 4 in) cut-
tings may help to improve success in these
areas. The larger diameter cuttings could
potentially reduce stream velocities allowing
time for 1 cm (0.4 in) cuttings to become
established. Both 1 and 10 cm (0.4 and 4 in)
cuttings will decrease streambank erosion
through rapid establishment of the root matrix
and increase success of the planting with
enhanced cutting survival.

In mid-elevation areas where soil moisture
may be adequate, planting a combination of
1, 5 and 10 cm (0.4, 2, and 4 in) cuttings
would be appropriate. Although survival
rates of 5 and 10 cm (2 and 4 in) cuttings in
the control treatment of this study were not
100 percent like 1 cm (0.4 in) cuttings, in the
field, dead material can still serve a function
for sediment trapping and establishment of
other artificially planted or naturally occur-
ring plants. The high root production of the .
three diameter sizes may help stabilize the
bank and slow down or even prevent lower
elevation plots from being buried. In high
elevation areas, where the probability of
drought is likely, planting 1 cm (0.4 in) cut-
tings would likely improve survival rates and
thus success of the project.

Summary and Conclusion
This study showed the importance of initial
cutting diameter size, the relationship
between diameter size and soil moisture, and
subsequent effects on growth and survival of
black willow cuttings. In periodically flooded
conditions, 10 cm (4 in) diameter cuttings
thrived, producing greater biomass and height
growth than the other diameter sizes. Also in
this treatment, 1 cm (0.4 in) diameter cuttings
had a comparable root production and
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survival rate compared to that of the larger
diameter cuttings. In the control treatment,
belowground growth of 1 cm (0.4 in) diam-
eter cuttings was similar to growth of 10 cm
(4 in) diameter cuttings, and height growth of
the three diameter sizes was not significantly
different. In the drought treatment, the
measured biomass parameters and height
growth of 1 cm (0.4 in) diameter cuttings was
comparable to that of the larger diameter cut-
tings. Cost data for planting willow cuttings
are rare. Live stake (< 4 cm) plantings are
usually denser arrays than larger caliber cut-
tings and require more hand labor. Data
compiled by McCullah et al. (2005) indicate
that unit costs for stake plantings are about
1.5 times as great as for posts or poles.

The effects of moisture treatments were
clearly seen in the 10 cm (4 in) diameter cut-
tings. Periodic flooding enhanced biomass
accumulation of 10 cm (4 in) diameter cut-
tings compared to control and drought treat-
ments whereas drought reduced height
growth compared to control and periodic
flooding treatments. Drought had no signifi
cant effects on height growth of 1 cm (0.4 in)
cuttings compared to periodic flooding or
control. Flooding, compared to control and
drought treatments, reduced root biomass of
1 cm (0.4 in) cuttings.

Planting techniques for streambank
restoration focusing on cutting diameter sizes
needs further evaluation. Greenhouse studies
like this one allow for complete control of
treatments (moisture regime) giving the
researcher the opportunity to understand
the nature of the responses in a controlled
environment; however, the field environment
is characterized by the synergistic effects
of environmental stresses on plantings.
Additional research in field settings might
prove helpful in transferring these results into
practice. Planting these cutting diameter
sizes in high, medium, and low elevation plots
and assessing cutting size-soil moisture inter-
actions under field conditions would be ben-
eficial in determining which diameter size of
willow is most appropriate for use in future
planting projects. In addition, measuring
plant physiological functions such as photo-
synthesis or transpiration, which was beyond
the scope of this study, will help with the
detailed evaluation of plant performance.
These measurements may provide further
insights into the reasons for the differences
noted between cutting diameter sizes within
and across the moisture treatments. Until

such information is researched and become
available, restoration efforts can be improved
if cutting diameter and site soil moisture
regimes are considered prior to planting.
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