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ABSTRACT.—Several Eurasian tree willows (Safix spp.) have become naturalized in riparian
areas outside of their native range. Salix Xrubens is a Eurasian willow that is conspicuous
along streams in the high plains ol Colorado. We examined establishment of seedlings and
cuttings, the sex structure and the breeding sysiem of S. Xrubens. An experiment was con-
ducted on establishment and growth of seedlings and cuttings under a range of hydrologic
conditions. Seedlings became established under all conditions except when flooded. al-
though many fewer seedlings became established where soil surface conditions were relatively
dry. Cuttings becane established under all experimental conditions, but most frequently
where soil moisture was highest. The sex structure of §. Xrubens was deterinined along
several streams in the Colorado high plains. Of 2175 wees surveyed, >99% (2172) were
female. Salix Xrubens produce viable seed apparently as a result of hybridizanon with another
Eurasian willow, S. alba var. wvitellina. Salix Xrubens often reproduces vegetatively, which.
combined with low hvbrid seedling survival in the field, may explain the unusual sex suruc-
wre. Salix Xrubens will likely continue 10 spread vegetatively in high plains riparian areas,
and the potential for spread through hybridization couid increase if males of compatible
Salix spp. are planted near extant S. Xrubens.

INTRODUCTION

Invasions of plant communities by exotic species have received considerable attention
from ecologists and conservation biologists (¢/., Mooney and Drake, 1986; Drake el al,
1989). Because of frequent natural and human-induced disturbance, riparian and wetland
ecosystems are frequently susceptible to invasions by nonindigenous plants (Robinson, 1965;
Otlson and Knopf, 1986; Thompson ¢ al., 1987). Salix Xrubens Schrank (S. fragiliv L. X S.
alba 1..) 1s a tree willow native 1o parts of Eurasia (Meikle, 1984). Several Eurasian willows,
including 8. Xrubens, S. alba (and related cultivars and varieties), S. fragilis and S. babyloni-
¢a L. have been inroduced 10 many areds ouside ol their nauve ranges including North
America, New Zealand and South Africa, where they have since become naturalized along
watercourses (Hough, 1907; Schopmever, 1974; Hathaway, 1976; Argus, 1986; Albee ¢f al,
1988; Weber, 1990; Henderson, 1991).

Salix Xrubens (fide G. W. Argus) and S. alba 1. var. vilellina (L.) Koch were likely intro-
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duced to Colorado by settlers in the late 1800s or early 1900s. Local floras refer to S.
Xrubens as S. fragilis (Weber, 1990). Presently, 8. Xrubens and (to a much lesser extent) S.
alba var. vitellina dominate riparian zones near towns and homesteads where they were
planted, but are less abundant elsewhere. This pattern of occurrence has been previously
described for 8. fragilis X S. alba (Dwelley, 1980). This distribution suggests that these
species, especially S. Xrubens, are slowly invading riparian communities in Colorado; how-
ever, reasons for this slow invasion are not understood.

The degree to which a species successfully colonizes and occupies sites outside its native
range is dependent, in part, on the species’ reproductive characteristics (Baker, 1974). In
the present study, we examine the modes of reproduction of Salix Xrubens in Colorado to
better understand its pattern of occurrence and to provide a basis for formulating effective
management strategies for riparian ecosystems where S. Xrubens occurs. Specifically, we
examine (1) establishment of seedlings and cuttings, (2) the sex structure, and (3) the
breeding system of S. Xrubens.

METHODS

Experimental facility and design—Two experiments, one examining establishment and
growth of vegetative cuttings of Salix Xrubens, and one examining establishment and
grawth of seedlings of S. Xrubens, were conducted outdoors near Fort Collins, Colorado.
The experimental apparatus included 15 steel tanks, 122 X 92 cm (diam X depth), each
containing three, 30 X 100 cm (diam X depth) planters made of PVC pipe. The treatments
in both experiments were hydrologic regimes and were applied to tanks. Three replicates
of five hvdrologic treatments were completely randomized. Seeds and vegetative cuttings
‘were separately planted in one planter per tank (see below). The third planter in each tank
was used for soil sampling. An experimental unit was a planter containing either seedlings
or cuttings.

Hydrologic regimes—The following treatments were imposed (Fig. 1):

(1) water table 5 cm above the surface from 15 April until 15 July 1992 followed by a
drawdown of 0.4 cm/day for the remainder of the growing season;

{2) water table rising from 15 cm below the surface on 15 April to 2 cm below the surface
on 20 May through 27 May, followed by a drawdown of 0.2 cm/day for the remainder
of the growing season;

(3) water table rising from 32 cm below the surface on 15 April to 2 cm below the surface
on 10 June through 17 June, followed by a drawdown rate of 0.7 cm/day for the re-
mainder of the growing season;

(4) water table rising from 43 cm below the surface on 15 April to 15 cm below the surface
on 10 June to 17 June, followed by a 1 cm/day drawdown rate until 14 July. On 15 July,
the water table was raised to 5 cm above the surface, drawndown by 2 cm/day until 22
July, 1 ecm/day from 23 July to 5 August, and 0.4 cm/day for the remainder of the
growing season and

(5) water table rising from 51 c¢m below the surface on 15 April to 23 cm below the surface
on 27 May to 17 June, followed by a 0.2 cm/day drawdown antil 15 July, and a 0.1 cm/
day drawdown rate until 19 August. The water table was not altered after 19 August
and remained 34 cm below the surface.

These hydrologic regimes represent a range of conditions that might reasonably exist
along regulated stream reaches in the high plains of Colorado. They are hased on U.S.
Geological Survey stream gauge data from April through October for the years 1988, 1990
and 1991, on regulated reaches of Boulder Creek (upstream reservoir) and the Cache la
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FiG. 1.—Distance of water table from soil surface in five hydrologic treatments over 180-day period.
Cuttings were planted on day 13. Seeds were planted on days 48, 57 and 62

Poudre River (upstream diversions). In determining the hydrologic regimes, we also con-
sidered results from a similar experiment and did not impose conditions that were likely
to result in 100% mortality (Segelquist el al., 1993). We expected the hydrologic conditions
in treatment 2 to enhance Salix Xrubens seedling establishment, because the hydrograph
peak corresponded to S. Xrubens seed dispersal.

Water levels in the tanks were manipulated to simulate the five hydrologic regimes. The
depth of the flooded tanks (treatments 2 and 4) was extended by wrapping galvanized steel
flashing around the top of the tank for the period of inundation. Water levels were con-
trolled by adding water (drawn from the Cache la Poudre River) to the tanks, or by draining
water from faucets attached near the bottom of each tank. A series of holes 1.3 cm in diam
were drilled into the lower 10 cm of each planter to allow water exchange. Otherwise, the
planters were exposed to ambient climatic conditions.

. Substrate properties—Planters were filled to 92 cm with coarse sand mined from the flood-
plain of the Cache la Poudre River near Fort Collins, Colorado. Similar sandy substrates
typically occur on river bars where species in the Salicaceae become established (Wilson,
1970; Ostercamp and Costa, 1987). Before the experiment, the sand substrate was analyzed
to determine textural class, pH, salinitv and concentrations of micronutrients as in Segel-
quist ¢t al. (1993). The experimental substrate was composed ol approximately 6% gravel
(>2000 pm), 78% sand (>300-2000 pm), 16% fine sand (>75-300 pm), and less than 1%
silt and clay. The pH ranged from 8.0 10 8.5. Based on separate analyses of Ca, Mg, Na, K
and B, the sodium adsorption ratio (SAR) calculated for the sample with a pH of 8.5 was
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only 1.2, indicating that salinity (Na) was not excessive for any substrate sample. For all
samples, NOy-N and P were <2 ppm, K was =15 ppm, and organic matter was <0.1 ppm.

Vertical moisture distributions in planters were estimated in order to examine the rela-
tionship between soil moisture and successful rooting of cuttings. In the laboratory, five
planters were placed in each of two tanks. The same coarse sand used in the establishment
experiments was air-dried at room temperature for 48 h and placed in the 10 planters to
10 different depths: 19.5, 24.5, 30, 38.5, 50, 60, 68.5, 81, 89.5 and 97 cm. The tanks were
filled to 10 cm with water, and this level was checked and maintained on a daily basis. One
week after the planters and tanks were filled, soil moisture was gravimetrically measured at
2-cm increments throughout each of the 10 planters.

Establishment and growth of seedlings and cuttings.—Seeds of Salix Xrubenswere collected
on two dates in 1992 (15 and 29 May), which spanned the natural seed dispersal period.
On each date, 20-40 catkins nearing dehiscence were collected from each of 10-15 S.
Xrubens trees along the Cache la Poudre River in Fort Collins, Colorado. These catkins
were stored in a paper sack at room temperature for 24 h, which enabled most of the
capsules to open. Seeds were separated from cotton by sifting collected material through a
series of soil screens and stored in sealed plastic cups at 3 C until planted, which has been
previously shown to preserve viability for 3—4 mo in Salix spp. (Zasada and Densmore,
1977). Seeds were sown in the same planter in each tank on three dates (18 May, 25 seeds;
27 May, 50 seeds; and 1 June, 25 seeds). Seeds collected on 15 May were sown on 18 May
and 27 May, and seeds collected on 29 May were sown on 1 June.

To examine the effect of soil moisture on germination, a sample of the top 1 cm of
sediment was taken from the supplemental planter in each tank at the time of planting,
and the percent water was determined gravimetrically. To test the viability of planted seed,
five replicates of 20 seeds were placed on moistened filter paper in petri dishes in an
environmental chamber at 20 C and the number of successful germinants was counted after
72 h. A successful germinant had expanded cotyledons and an elongated hypocotyl.

The number of germinants in each planter was counted 72-96 h after planting (22 May,
30 May and 5 June). The number of living seedlings in each planter was counted four times
during the growing season (18 June, 9 July, 7 August and 8 September). The number of
cuttings with living leaves was counted on the following dates: 4 May, 20 May, 18 June, 9
July, 6 August and 8 September.

In March 1992, 1-yr-old twigs were collected from 15 Salix X rubens trees along the Cache
la Poudre River in Fort Collins, Colorado, and stored in plastic bags at 3 C. On 15 April,
the twigs were cut to a length of 20 cm, and 20 twigs were planted to a depth of 10 ¢cm in
each of the 15 planters.

Above- and belowground portions of all seedlings and cuttings were harvested in mid-
September. Eighty percent of the seedlings were recovered. In the laboratory, root and
shoot lengths of every recovered seedling and cutting were measured, and roots and shoots
were separated, oven-dried at 60 C for 72 h and weighed.

Data analysis—Because most of the response variables exhibited nonhomogeneous var-
iances that did not improve after various transformations, standard analysis of variance tests
were not conducted. Instead, multiresponse permutation procedures for one-way complete-
ly randomized designs (MRPP) were used to evaluate the significance of treatment differ-
ences. MRPP do not require assumptions about normality or homogeneous variances, and
use Euclidean distances, which are more congruous with the data space than standard linear
models. The MRPP standardized test statistic (T), based on Euclidean distances, detects
both shifts in central tendency and differences in dispersion (Biondini et al., 1988; Zim-
merman et al., 1985). Seedling analyses other than end-of-season survival were restricted to
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TaBLE 1. —Number of male and female Salix Xrubensand S. alba var. vitellina along several Colorado
watercourses

S. Xorubens S alba
Reach length
Watercourse (km) g <! Q 3
Cache la Poudre R. 6.5 1065 3 1 56
Boulder Cr. 2.3 662 0 0 3
Cherry Cr.# 4.0 260 0 0 74
Plum Cr.* 1.6 185 0 1 15
Totals 14.4 2172 3 2 148

«Seme trees along Cherry Cr. had shed their catking at the tme of this survey; hence, the numbers
recorded here are probably low. Also, we observed apparent hybrids along Cherry Cr.
*We observed 28 apparent hybrids along Plum Cr.

the four treatments in which seedlings survived. Individual seedlings or cuttings were treat-
ed as subsamples. Growth response values were averaged within planters to produce a single
value per experimental unit per response variable (sample size = 3 per treatment per
experiment). A significance level of P = 0.05 was used in all tests.

Sex structure—In late May and early June 1991, the sex of each flowering Salix Xrubens
and S. alba var. vilellina individual was noted along selected reaches of four streams in
Cotorado: (1) Cache la Poudre River in the city of Fort Collins (40°34'45"N, 105°2'30"W);
(2) Boulder Creek in the city of Boulder (40°1'15"N, 105°13'45"W); (3) Cherry Creek in
the city of Denver (39°43'0"N, 104°58'30"W); (4) Plum Creek near the town of Sedalia
(39°26'15"N, 104°58"45"W). Reach lengths varied from 1.6-6.5 km (Table 1). Individuals
were defined as a single stem or collection of stems arising from a common base. All adult
trees observed were flowering at the time of the surveys except along Cherry Creek, where
some trees had already shed their catkins,

Breeding system study—Results of the sexratio surveys suggest that seed set in female
Salix X rubens trees was likely a result of eitlier agamospermy or hvbridization with §. alba
var. vitellina. To distinguish between these two possible brecding svstems, seed set was com-
pared in S. Xrubens trees growing in two contrasting situations: (1) female 8. Xrubens trees
growing at least 1.6 km from any male S. alba var. vitellina tree (“isolated”); and (2) female
S. Xrubens growing adjacent to a male §. alba var. vitellina (“adjacent”). Five trees were
selected from each of the above two situations (10 trees). From each tree, five catkins were
selected containing several capsules that appeared to be near dehiscence. Three of these
capsules were randomly selected from each catkin (lotal of 150 capsules), the contents of
each capsule were removed, and filled seeds were counted. A Wilcoxon rank sumn test was
used to determine whether seed set per tree was significantly different (P = 0.05) for the
two growing situations.

RESULTS
Lstablishment and growth of seedlings and cuttings.—Laboratory viabilities of seeds planted
on 18 May, 27 May and 1 June 1992 were 72 ® 2.5, 68 % 2.5, and 68 * 3.7%, respectively
(mean * sE). Most viable seeds germinated within 24 h. Ninety-six h following the 18 May
planting, we observed germinants in all replicates of treatments 1, 2 and 3, but none in
treatments 4 and 5, where surface soil moisture was less than 1% (Table 2). Seventy-two h
following the 27 May planting we again observed seedlings in all replicates of treatments
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TABLE 2.—Seed germination in experimental planters 3 days following planting, and percent water
of top 1 cm of planter substrate at time of sowing for three planting dates. Values are for each replicate

No. of germinants in the Percent water of
3 reps/trt 72-96 h top 1 cm soil on
Planting date Treatment after planting planting date
18 May 1 11, 4,11 20, 20, 20
2 9,3, 4 18, 20, 20
3 1,65 9,8, 6
4 0,0,0 <1, <1, <1
5 0,0,0 <1, <1, <1
27 May 1 7,9,6 20, 20, 20
2 6, 3,6 20, 19, 20
3 3, 4,4 10, -, 13
4 0,0,1 6,5, 6
5 0,0,0 5,6, 4
1 June 1 — —
2 16, 5, 10 20, 20, 20
3 12,24, 18 14, 16, 18
4 4,5,2 7,6,7
5 1,21 6,6, 5

*No census taken because of difficulty in observing seedlings in algal build-up

1, 2 and 3; however, there were generally fewer seedlings in these treatments compared
with the previous count (Table 2). We observed one seedling in one replicate of treatment
4, where soil moisture in the top 1 cm had increased to 6% before planting. Ninety-six h
following the 1 June planting, all replicates of all treatments contained seedlings (Table 2).

Because none of the seedlings in treatment 1 (flooded) had roots contacting the soil
surface, and because some of these seedlings were enveloped by algae and therefore diffi-
cult to accurately count, we discontinued censusing this treatment after 30 May. We ob-
served no living seedlings in treatment 1 after dropping the water level in mid-July. The
number of living seedlings in treatments 2 and 3 declined significantly between censuses
on 5 June and 18 june, but then remained essentially stable for the remainder of the
growing season (Fig. 2). Numbers of living seedlings in treatments 4 and 5 were essentially
stable following the 5 June census (Fig. 2). Fluctuations after 18 June were minor and
inconsistent for all treatments, with the exception of observed mortality in one of the rep-
licates of treatment 3 near the end of the growing season. The minor fluctuations in seed-
ling counts were probably a result of periodically failing to see one or two individuals.
Treatment differences in numbers of living seedlings at the end of the season were statis-
tically significant both when including treatment 1 (where survival was zero for all replicates;
P = 0.005) and when omitting treatment 1 (P = 0.04).

No statistically significant differences existed among treatments in any of the four mea-
sured growth variables for seedlings (Table 3). Despite the lack of statistical significance,
an examination of the data suggests some differences between plants in treatments 3 and
5. Plants in treatment 3, which had the most surviving seedlings, had the highest mean
values for shoot height and both biomass variables. For each of these three variables, a
treatment 3 replicate had the highest measured value (of 11 values). Plants in treatment 5,
which had the fewest surviving seedlings, had the lowest mean value for shoot height, root
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F16. 2.—Mean numbers of living willow seedlings throughout the growing season in the four hydro-
logic treatments with survivors. Asterisks represent replicate values. Solid lines indicate treatment
means. Twenty-five seeds were planted on day 0, 50 seeds on dav 9, and 25 seeds on day 14. After day
14, numbers are equivalent to percentages

TABLE 3—Mean growth of seedlings of Salix Xrubens at the end of the growing season and signifi-

cance of hydrologic treatment differences. Means for each replicate are given in parentheses below

the respective treatment mean. Probability values are from multi-response permutation procedures with

four treatments

Signifi-
Treatment cance of
treatment
Variable 2 3 4 5 effect (P)
Seedling shoot 7.2 7.3 6.4 4.2 0.7]
height (mm) (7.1, 9.0, 5.3) (7.8, 10.1, 3.9) (7.6, 8.5, 3.0) (3.0, 5.5)
Seedling root 204 177 166 135 0.22
length (mm) (166, 302, 146) (170, 180, 179) (148, 192, 158) (147, 122)
Per-plant shoot 3.0 57 2.5 2.2 0.12
biomass (mg) (2.6, 4.0, 2.5) (6.4, 8.6, 2.2) (2.6, 2.8, 2.0) (2.0, 2.5)
Per-plant root 5.1 7.5 3.1 4.2 0.67
biomass (mg) (2.9, 9.0, 3.3) (6.2,12.9, 3.3) (2.6, 2.8, 4.0) (6.0, 2.5)




166 THE AMERICAN MIDLAND NATURALIST 132(1)

TABLE 4—Mean growth of cuttings of Salix X rubens at the end of the growing season and significance
of hydrologic treatment differences. The high and low replicate means are given in parentheses below
the respective treatment mean. Probability values are from multi-response permutation procedures with
five treatments

Signifi-
Treatment cance of
tfreatment
Variable 1 2 3 4 5 effect (P)
Percent plants 100 100 95 73 38 0.003
established (100, 100) (100, 100) (90, 100) (55, 95) (15, 55)
Root length (mm) 348 399 481 676 608 0.01
(332, 358) (380, 432) (365, 596) (424, 827) (551, 648)
Per-plant root 389 574 504 580 1034 0.0002
dry weight (mg) (354, 428) (560, 600) (469, 554) (502, 635) (748, 1562)
New shoot 68 81 78 74 90 0.17
length (mm) (66, 70) (75, 91) (74, 84) (69, 79) (75.115)
Per-plant new stem 99 131 130 118 130 0.02
dry weight (mg) (93, 108) (124, 139) (129, 131)  (111,126) (98, 171)
Perplant leaf 162 216 217 212 254 0.36
dry weight (mg) (147, 186) (199, 241) (186, 241) (185, 237) (146. 408)

length and per-plant shoot biomass. For all four growth variables, a treatment 9 replicate
had the lowest measured value.

Treatment differences in percentage of cuttings established at the end of the season were
highly significant (Table 4). Cuttings in treatments 1, 2 and 3 all had very high survival and
low variability among replicates, whereas treatment 4 had lower survival and much higher
variability, and treatment 5 had the lowest survival and high variability. After 20 May, the
number of living cuttings remained essentially stable in all treatments. Establishment of
cuttings was greatest when soil moisture at 5 cm (one-half the depth to which cuttings were
planted) was between 20% (saturated) and 11.5%, though high rates of establishment also
occurred from 5 to 11.5% soil moisture. Limited establishment occurred when soil moisture
was below 5% at 5 cm.

Treatment differences in root length, per-plant root biomass and new stem dry weight
of cuttings were statistically significant (Table 4). Plants in treatment 1 (flooded) had no-
tably lower mean values for both root growth variables, and plants in treatment 2 generally
had shorter roots than in treatments 3, 4 and 5. Treatment 1 also had the lowest mean
values for new shoot length and per-plant new stem and leaf dry weights. Cuttings in one
of the treatment 5 replicates had consistently high values for the four dry weight variables
measured. Examination of the data suggests that per-plant biomass in treatment 5 is density-
dependent: values of all dry weight variables increased with decreasing density. The planter
in which only three cuttings rooted and survived had the highest values of any replicate of
any treatment. However, per-plant root biomass values for the treatment 5 replicates with
nine and 11 plants were still higher than values from any other treatment, suggesting a
treatment effect. P-values changed, but general significance (o = 0.05) of treatment effects
did not change for any growth variable when including or excluding treatment 5.

Sex structure—Only three of 2175 Salix X rubens individuals were male, and only two of
150 S. alba var. vitellina were female (Table 1). In addition, several apparent hybrids were
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observed al Plum Creek and Cherry Creek. Assessment of hvbridity was based on branch
and leal’ morphology.

Breeding system study—Seed set was significantly greater (P = 0.03) for Salix Xrubens
trees growing adjacent to S. alba var. vitellina than for isolated S. Xrubens. Only three seeds
(all from one tree) were sct in the 75 capsules from isolated S. Xrubens, whereas 170 seeds
(seed set in every tree) were set in the 75 capsules from S. Xrubens growing near S. alba
var. vitellina. Mean number of filled seeds per capsule ranged from 0.80-3.47 in the adjacent
trees, and from 0.0-0.20 in the isolated trees.

DIscuUssION

Lstablishment and growth of seedlings and cuttings—Our experimental results indicate
that Salix Xrubens seed can germinate and Ist-yr seedlings can survive under a variety of
hydrologic conditions found along regulated western U.S. watercourses. Substantial seedling
mortality from 1 June to 18 June in treatments 2 and 3 mayv have occurred because the
extremelv moist conditions in these treatments produced a substrate in which the germi-
nants were essentially floating in water. This medium appeared to make proper orientation
and subsequent anchoring difficult for germinants. Further, the lack of substrate stability
may have enhanced the potential for high-intensity thunderstorms to dislodge or disorient
germinants, or to cover them with soil splash (Engstrom, 1948). Segelquist e/ al. (1993)
noted that plains cottonwood mortality and reduced growth in the same substrate used in
this study were associated with soil moisture conditions below 2%. The generally high per
centage of survivors following 18 June in all planters except one treatment 3 replicate may
have been due to availability of moisture at relatively shallow depths.

A much higher percentage of cuttings than seedlings became established, which might
be expected given the larger amount of stored carbohydrates in cuttings, and the known
propensity of cuttings of Salix spp. to root easily (Chmelar, 1974; Densmore and Zasada,
1978). Cuttings became established most frequently where soil moisture and the water table
were high, and less frequently where soil moisture and the water table were lower. Conroy
and Svejcar (1991) obtained similar results in their study of 2nd-yr survival of cuttings of
S. geyeriana.

Significant differences between treatments in growth responses of cuttings appeared to
be largelv due to uniformly lower growth in treatment 1, which may be attributable to lower
oxidation-reduction potentials during the period of flooding. Anaerobiosis has been shown
to adverselv affect shoot growth, leaf initiation and expansion, cambial growth, and root
growth in many tree species (Kozlowski ef al.,, 1991). Differences in root lengths of cuttings
appear to be associated with differences in early season water table depth. Mahoney and
Rood (1992) suggest that roots of riparian polars will elongate to maintain contact with a
deep water table, whereas roots growing where the water table is shallow and constant tend
w be relatively short. Lieffers and Rothwell (1986) showed that rooting depth in black
spruce (Picea mariana) and tamarack (Larix laricna) is generally correlated with depth to
water table. The water table was deepest during the 1st mo in treatments 4 and 5, and root
iengthis were e iongest. in weatments 1 and 2 the water vable was very shialiow, and root
lengths were the shortest. Roots in treatment 3, which had the deepest and most rapidly
declining water level from late July through the end of the growing season, were interme-
diate in length, suggesting that root lengths are more associated with early than late season
water tables.

Sex structure.
is that hybrid seedlings are establishing relatively frequently under natural conditions, and
that their sex is genetically or environmentally determined. Female-biased sex ratios in

One explanation for the nearly complete absence of male Salix Xrubens
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populations of Salix spp. have been reported, although the cause of the bias is not always
understood (Alliende and Harper, 1989). Mosseler (1989) observed many biased sex ratios
in interspecific hybrids of Salix spp., including several that were highly female skewed.
Deviations from a 1:1 male-female sex ratio in natural populations of dioecious species have
been attributed to environmental conditions in two ways. First, sex-related ecological ad-
aptations may lead to differential mortality among the sexes (Freeman et al., 1976; Grant
and Mitton, 1979; Crawford and Balfour, 1983). Second, sex expression may be labile in
response to environmental conditions (Freeman et al.,, 1980). Environmental sex determi-
nation has not, however, been reported to result in nearly as great a difference between
the numbers of males and females as we found.

A more likely explanation for the paucity of males is that Salix Xrubens is reproducing
vegetatively and that the occasional males are actually hybrids with S. alba var. vitellina.
Unisexual populations of Salix species have been reported previously and sometimes have
been attributed to exclusively vegetative reproduction of the parent stock. In a Virginia
drainage, Argus (1986) noted a unisexual stand of S. lucida Muhlenberg which apparently
resulted from the introduction and subsequent spread of one or a few clones. In New
Zealand, all S. fragilis (a parent of S. Xrubens) stems are male due to the planting and
subsequent vegetative spread of male parent stock (Hathaway, 1976), and in southern Africa,
only female S. babylonica and S. fragilis occur for the same reason (Immelman, 1987; Hen-
derson, 1991). In Great Britain, three of four S. fragilis segregates described by Meikle
(1992) are unisexual. The scarcity of male S. fragilisin North America (possibly S. X rubens)
was previously noted by Harrington (1964) and Vines (1977).

Breeding system—Viable seed in Colorado Salix Xrubens could be produced in at least
three ways: (1) via self-fertilization from hermaphroditic flowers; (2) apomictically (aga-
mospermy) and (3) via hybridization with S. alba var. vitellina (backcrossing). Hermaph-
roditic flowers are known to occur on some willows (Mosseler and Zsuffa, 1989); however,
we have not observed hermaphroditic flowers on S. Xrubens trees in Colorado. Sacchi and
Price (1988) found no apomictic seed production in two populations of S. lasiolepis Benth.
in Arizona, and in a review of apomixis in the angiosperms, Nygren (1967) did not report
agamospermy in any taxa in the Salicaceae. On the other hand, the ability of many Salix
species to hybridize has long been recognized (e.g., Ikeno, 1922; Nilsson, 1954; Argus, 1974;
Meikle, 1975; Mosseler, 1989). Hybridization, backcrossing and introgression between S.
fragilis and S. alba have been previously reported (Meikle, 1975; Rechinger, 1992).

The results of our breeding system study suggest that pollen must be present for viable
seeds to be produced in Salix Xrubens. Agamospermy cannot be ruled out because some
species require pollen in order to set seed agamospermously (Richards, 1986). However,
given the lack of recorded agamospermy and the prevalence of recorded hybridization in
Salix (above), viable seed set is most likely the result of hybridization between S. Xrubens
and S. alba var. vitellina.

Synthesis and conclusions—Observations on the distribution of Salix Xrubens suggest that
vegetative reproduction predominates. In Colorado, S. Xrubens and S. alba var. vitellina
individuals that have not been planted are often located immediately adjacent to a channel,
where seedlings would have been removed by scouring. We have observed very few individ-
uals long distances from existing mature trees. Populations of these species are almost always
located in and downstream of cities, towns and homesteads. If seedlings were establishing
frequently, individuals would be expected to occur far from existing trees, both up- and
downstream, given the long-range dispersibility of Salix spp. seeds.

Our observations and results suggest that Salix Xrubens in Colorado reproduces largely
from fallen branches and twigs that take root. The closely related S. fragilis is known to
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reproduce in this manner (e¢.g., Werthner, 1935; Polunin, 1976; Mitchell, 1985). At Boulder
Creek, we identified many seedling-sized S. Xrubens as twig sprouts. whereas we identified
none as germinants (pers. observ.). We have excavated several S. Xyubens individuals which
were of vegetative origin at Plum Creek and the Cache la Poudre River. Furthermore, the
S. Xrubens cuttings grown in our establishment experiment had generally high rates of
successful rooting, survival and growth.

If reproduction is predominantly vegetative, then high levels of hybrid seedling mortality
must occur. Seedlings of Salix Xrubens are rare in Colorado even where this species dom-
inates the overstory (Friedman, 1993). Establishment failure conld result from the fact that
S. Xrubens disperses seed prior to peak tlows in streams of Colorado’s high plains. River
stage commonly increases in mid-June as a result of snowmelt runofl and high intensity
thunderstorms, whereas S. Xrubens generally disperses seed in mid-May to early June. On
the banks of the Cache la Poudre River, we observed 100% mortality of Istvr seedlings
growing that apparently resulted from inundation, scouring, and flotsam deposits following
S. Xrubens seed germination (pers. observ.). Similarly, we observed many seedling-sized S.
Xrubens that suffered top dieback or outright mortality as a result ol high stream flows at
Boulder Creek (pers. observ.). These sources of mortality highlight the importance of a
seed dispersal period that coincides with the peak or declining limb of the local hydrograph.

Seedling establishment could also be inhibited by the potential genetic inferiority and
consequent low competitive ability of the hybrid seedlings (Stace, 1975). In a study of in-
terspecific Salix hybrids, Mosseler (1989) observed several abnormal morphological types,
including dwarfed plants and plants with twisted stems, abnormal leal form or color, or
multiple stems. We observed seedlings in the field and in the experimental planters with
twisted stems, which could contribute to poor orientation and anchoring. These growth
charactenistics inhibited seedlings from attaining substantial height growth, which in mrn
could make them more susceptible to soil splash and direct displacement during thunder-
storms. For other Salix species, 100% seedling mortality has been atributed to insufficient
soil moisture, as related to precipitation or alluvial groundwater (McBride and Strahan,
1984; Sacchi and Price, 1992).

Assuming rare seed reproduction and occasional vegetative reproduction, Salix X rubens
should continue to be a significant component of the overstorv in high plains riparian
areas. Salix Xrubens trees resprout readily from stumps following natural (e.g., beaver) or
hnuman destruction (e.g., cutting). Therefore, any potential efforts to eradicate these trees
would probably require chemical as well as mechanical means. Barring tatal insect or disease
problems, the ability to resprout essentially ensures a tree's survival o the lifespan of it
root crown. I vegetative reproduction continues o be predominant, S. Xrubens should
continue to spread slowly, resulting in significant changes in high plains riparian woodlands
over the long term. Vegetative reproduction should favor 8. Xrubens over native species
along regulated streams where the timing, magnitude and frequency of flooding have been
altered and consequently inhibited seed reproduction of native species (Scott ef al., 1993).

Further planting of certain exotic willows should be avoided if conservation of native
i nagement goal. Stamiinaic Saliv alba var. vitelling and S penlaidia L.
(laurel leaf willow), a species that can cross with S. fmg'ilis or 8. alba (Meikle, 1984), are
sold in Colorado nurseries. Planting staminate individuals of either of these two species
near extant S. Xrubens stands or individuals would likely increase hybrid seed set and pro-
mote the spread of hvbrids, presuming a low rate of hybrid seedling establishment. Stami-
nate S. Xrubens and S. fragilis are not currently sold in Colorado nurseries. Introduction

of either of thesc taxa has the potential to drastically increase sexual reproduction.

Our study suggests three promising areas for future work on the ecology of Salix Xrubens
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and S. alba var. vitellina. Electrophoretic studies comparing S. Xrubens X S. alba var. vitel-
lina seedlings from controlled crosses and from the field would better determine the breed-
ing system responsible for seed production. Electrophoretic studies on adults in the field
could then be conducted to determine the relative importance of vegetative and sexual
reproduction for S. Xrubens and S. alba var. vitellina. Detailed field studies designed to
examine seedling recruitment and vegetative reproduction would provide a crucial corollary
to the experimental work presented here. Finally, studies of the age-class distribution of
these species over a wide geographic range are needed to gain a better understanding of
the extent and rate of spread. These kinds of studies would further our knowledge of this
common but overlooked species, thereby enabling riparian land stewards to make wise
decisions regarding its future management.

Acknowledgments —We thank C. Segelquist, E. Eggleston and K. Healy for technical assistance. G.
Auble, J. Ramsey, F. Smith, L. Stump and D. Wilken provided helpful reviews of earlier drafts of this
manuscript. B. Cade and P. Chapman provided assistance with statistical analyses. D. Smeltzer and the
Colorado Division of Wildlife generously provided access to the Bellvue-Watson Fish Rearing Unit where
the establishment experiment was conducted. The establishment experiment was funded by the U.S.
Fish and Wildlife Service, National Ecology Research Center.

LITERATURE CITED

ALBgg, B. ., L. M. SHULTZ AND S. GOODRICH. 1988, Atlas of the vascular plants of Utah. The Utah
Museum of Natural History, Salt Lake Cirv. 670 p.
ALLIENDE, M. C. AND |. L. HARPER. 1989. Demographic studies of a dioecious tree. I. Colonization, sex
and age structure of a population of Salix cinerea. [. Ecol., 77:1029-1047.
ARGus, G. W. 1974, An experimental study of hybridization and pollination in Salix (willow). Can. J.
Bot., 52:1613-1619.
. 1986. The genus Salix (Salicaceae) in the southeastern United States. Syst. Bot. Monogr 9.
170 p.
BAKER, H. G. 1974. The evolution of weeds. Annu. Rev. Ecol. Syst., 5:1-24.
Bronping, M. E., P. W. MIELKE AND E. F. REDENTE. 1988. Permutation techniques based on Euclidean
analysis spaces: a new and powerful statistical method for ecological research. Coenoses, 3:155-
174.
CHMELAR, . 1974. Propagation of willows by cuttings. N.Z. J. For Sci., 4:185-190.
Conroy, S. D. AnD T. . SVEJCAR. 1991. Willow planting success as influenced by site factors and cattle
grazing in northeastern California. /. Range Manage., 44:59-63.
CRAWFORD, R. M. M. AND J. BALFOUR. 1983. Female predominant sex ratios and physiological differ-
entiation in arctic willows. J. Ecol., 71:149-160.
DENSMORE, R. AND ]. C. ZasaDa. 1978. Rooling potential of Alaskan willow cuttings. Can. J. For. Res.,
8:477-479.
DRAKE, ]. A., H. A. MOONEY, F. b1 CasTrI, R. H. GROVES, F. . KRUGER, M. REJMANEK AND M. WILLIAMSON.
1989. Biological invasions: a global perspective. John Wiley & Sons, New York, N.Y. 450 p.
DweLLEY, M. 1980. Trees and shrubs of New England. Down East Books, Camden, Maine. 275 p.
ENGsTROM, A. 1948. Growing cottonwood from seed. J. For, 46:130-132.
FrReEMaN, D. C., L. G. KLikoFF AND K. T. HarpPER, 1976. Differential resource utilization by the sexes
of dioecious plants. Science, 193:597-599.
, K. T. HARPER AND E. L. CHARNOV. 1980. Sex change in plants: old and new observations and
new hypotheses. Oecologia, 47:222-232.
FRIEDMAN, J. M. 1993. Vegetation establishment and channel narrowing along a Great Plains stream
following a catastrophic flood. Ph.D. Thesis, Univ. of Colorado, Boulder. 156 p.
GRANT, M. C. AND ]. B. MiTTON. 1979. Elevational gradients in adult sex ratios and sexual differenti-
ation in vegetative growth rates of Populus tremuloides Michx. FEvolution, 33:914-918.
HarrinGcTON, H. D. 1964. Manual of the plants of Colorado. The Swallow Press Inc., Chicago. 666 p.




1994 SHAFROTH ET AL.: WILLOW BREEDING SYSTEMS 171

Hathaway, R. L. 1976. Breeding improved willows for soil conservation and river control. Soil-Water,
12:25-35.
HENDERSON, L. 1991, Alien invasive Salix spp. (willows) in the grassland biome of South Africa. S. Afr:
For: |, 157:91-95.
HoucH, R. B. 1907. Handbook of the trees of the northeru states and Canada east of the Rocky
Mountains. R. B. Hough, Loweville, New York. 470 p.
TIKENO, S. 1922, On hybridizaton of some species ol Salix. Ann. Bot., 36:175-190.
IMMELMAN, K. L. 1987, Synopsis of the genus Sulix (Salicaceae) in southern Africa. Bothalia, 17:171-
177.
Kozrowskl, T. T, P. J. KRaMER AND S. G. PaLrLArby. 1991, Physiological ecology of woody plants.
Academic Press, New York, N.Y. 657 p.
LIEFFERS, V. |. AND R. L. ROTHWELL. 1986. Rooting of peatland black spruce and tamarack in relation
10 depth of water table. Can. J. Bot.. 65:817-821. )
MAHONEY, J. M. aND S. B. Roon. 1992, Response of a hybrid poplar 10 water table decline in different
substrates. For Ecol. Manage., 54:141-156.
McBRIDE, J. R.AND J. STRAMAN. 1984, Establishment and suwrvival of woody riparian species on gravel
bars of an intermittent stream. Am. Midl. Nat., 12:235-245.
Mewee, R D, 1975, Sadia L., p. 304-338. In: C. A. Stace (ed.). Hybridization and the flora of the
British Isles. Academnic Press, New York, N.Y. )
. 1984, Willows and poplars of Great Britain and lreland. Bot. Soc. Brit. Isles Handb. 4. 198 p.
. 1992, British willows: some hybrids and some problems, p. 13-20. fz: R. Watling and }. A,
Raven (eds.). Proc. R. Soc. Edinb. Sect. B Biol 98.
MiTcHELL, A, 1985, The complete guide to wees of Britain and northern Europe. Dragon’s World,
Limpshield, Surrey. 208 p.
MOONEY, H. A. anD . A, DRAKE, (EDS.) 1986. Ecologv of biological invasions of North America and
Hawaii. Springer-Verlag, New York, N.Y. 330 p.
MosseLER. A. 1889, Hybrid performance and species crossability relationships in willows (Salix). Can.
] Bot., 68:2329-2338.
AND L. Zsurra. 1989, Sex expression and sex ratios in intra- and interspecific hybrid families
of Salix L. Silvae Genet., 38:12-17.
Nisson, N. H. 1954. Uber Hochkomplexe Bastadverbindungen in der Gatwung Salix. Hereditas, 40:
517-522.
NYGREN, A. 1967. Apomixis in the angiosperms. Handb. Pflanzenphys., 18:351-596.
OLson, T. E. anp F. L. Knopr. 1986, Nawralization of Russian-olive in the western United States. W
J. Appl. For, 1:65-69.
OstERCAMP, W, R. AND J. E. CosTa. 1987. Changes accompanving an extraordinary flood on a sandbed
stream, p. 201-224. fn: L. Mayer and D. Nash (eds.). Gataswoplhic flooding. Allen and Unwin,

Boston, Mass.

PoLunin, O. 1976. Trees and bushes of Europe. Oxford University Press, London. 208 p.

RECHINGER, K. H. 1992, Sefix taxonomy in Enrope- problems, interpretations. observations, p. 1-12.
In: R. Watling and J. A. Raven (eds.). Proc. R Soc. Idimb. Sect. B Biol., 98.

RicHarps, A. J. 1986. Plant breeding systems. George Allen & Unwin, London. 524 p.

Rominson, T. W, 1965, Introduction, spread and arcal exient of saltcedar (7Tumarix) in the United
States. U.S. Geol. Surv. Prof. Pap., 491-A. 13 p.

Saccri. C. Foanp PO W, Price. 1988, Pollination of the arrovo willow, Salix lasiolepis: vole of insects

and wind. Am. ] Bot., 75:1387-1395.

AND . 1992 The relauve roles of abiotic and biotic factors seedling demography of arroyvo

willow (Salix lasiolepis. Salicaceac). Ami. J. Bot., 79:395-405.

ScHOPMEYER. C. A, 1974, Seeds of woody plants in the United States. Agric. Handb. 450. U.S. For.
Serv., Waslinglon, D.C. 883 p.

Scotr. M. L. M. A, WonpzeLL ano G, T. AusLe. 1993, Hydrograph characieristics relevant 10 the

establishment and growth of western riparian vegetation, p. 237-246. /n: H. J. Morel-Seytonx



172 THE AMERICAN MIDLAND NATURALIST 132(1)

(ed.). Proc. 13th Annu. Am. Geophys. Union Hydrol. Days. Hydrology Days Publications, Ath-
erton, Calif. 432 p.

SEGELQUIST, C. A., M. L, ScorT anDp G. T. AUBLE. 1993. Establishment of Populus deltoides under
simulated alluvial groundwater declines. Am. Midl. Nat., 130:274-285.

Stace, CG. A. 1975, Introductory, p. 1-97. In: C. A. Stace (ed.). Hybridization and the flora of the
British Isles. Academic Press, New York, N.Y.

Trompson, D. Q., R. L. STUCKEY aND E. B. THOMPSON. 1987. Spread, impact and control of purple
loostrife (Lythrum salicaria) in North American wetlands. U.S. Fish and Wildlife Service Re-
search Report 2. Washington, D.C. 55 p.

VINES, R, A. 1977, Trees of east Texas. University of Texas Press, Austin. 538 p.

WEBER, W. A. 1990. Colorado flora: eastern slope. University Press of Colorado, Niwot. 396 p.

WERTHNER, W. B. 1935, Some American trees, The Macmillan Company, New York, N.Y. 398 p.

WILSON, R, E. 1970. Succession in stands of Populus deltoides along the Missouri River in southeastern
South Dakota. Am. Midl. Nat., 83:330-342.

ZasSADA, |. C. aND R. DENsSMORE. 1977. Changes in Salicaceae seed viability during storage. Seed Sci.
Technol., 5:509-517.

ZIMMERMAN, G. M., H. GOETZ AND P. W. MIELKE. 1985, Use of an improved statistical method for group
comparisons to study effects of prairie fire. Ecology, 66:606-611.

SUBMITTED 25 OCTOBER 1993 AcCEPTED 14 MaRCH 1994



