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Abstract 

Salix sitchensis, Sanson ex Bong, was shown to be was pollinated by both wind and insect 

vectors in this study. Vector reliance and efficiency were variable by site as well as year, and 

pollen limitation was also observed. Asexual propagules had a higher survival rate and 

abundance compared to seedlings. Low seedling survival, an abundance of asexual 

propagules, and the presence of linkage disequilibrium suggested that asexual reproduction 

was occurring. However, all sampled individuals had a unique multilocus genotype and 

populations had a high level of genetic and genotypic diversity. These factors suggested that 

sexual reproduction is the dominant strategy in the observed populations of S. sitchensis. 

High gene flow and non-significant isolation by distance suggested that S. sitchensis exists as 

a large, continuous, interbreeding population along the sampled waterways in central British 

Columbia. Successful restoration of riparian habitat is dependent on species specific 

reproductive information and knowledge of how species interact with other riparian species. 

The data determined in this study may help future riparian restoration efforts, as the 

reproductive strategy of a common riparian willow and how it interacted with beavers 

{Castor canadensis Kuhl) was quantified. 
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Chapter 1: General Introduction 

Although riparian habitats are some of the most ecologically important and diverse 

ecosystems in North America, human activities have decreased riparian system diversity, 

function, integrity, and productivity (NRC 1995; Kauffman et al. 1997). If these areas are to 

be protected or restored, detailed knowledge of the life history strategies of riparian plants is 

required. Willows (Salix spp.) are members of the family Salicaceae and are common 

members of riparian communities across North America (Mackinnon et al. 1999). Crucial to 

wetland health, willows often stabilize stream banks, colonize recently disturbed habitats, 

and contribute to riparian primary production. The introduction of large amounts of organic 

matter into riparian areas, as well as the production of shade and habitat for mammal, bird, 

reptile, and insect species is facilitated by willows (reviewed in Cooper et al. 2006). Despite 

their obvious importance, few studies have looked at willow life history strategies or 

population genetic structure in North America, and none have been conducted in British 

Columbia. 

The Sitka willow (Salix sitchensis Sanson ex Bong) is a dominant member of the 

riparian communities in central British Columbia. Although it is found primarily along the 

west coast of North America, S. sitchensis can also be found east of the coastal mountains. 

Riparian thickets, lakeshores, wetland margins, forest edges, clearings, and avalanche tracks 

are often colonized by S. sitchensis (Brayshaw 1996). In central British Columbia, S. 

sitchensis is common along most waterways and riparian corridors. Despite its abundance, 

the reproductive ecology of S. sitchensis is completely unknown. The relative proportion of 

sexual and asexual reproduction; pollination strategy; the presence or absence of pollen 
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limitation; genetic and genotypic diversity; population genetic structure; gene flow; and 

population differentiation have never been investigated in this species. 

Initial investigations of S. sitchensis's reproductive strategy in central British 

Columbia were delayed when several tagged individuals were cut down by beaver {Castor 

canadensis Kuhl) foraging (personal observation). While some of the tagged stems were 

washed away, others were found incorporated into beaver lodges, food caches, and 

abandoned on stream banks. Upon closer examination, the majority of S. sitchensis 

individuals showed evidence of past and present beaver browse. These observations 

suggested that beaver foraging may be impacting S. sitchensis population genetic structure, 

gene flow, and reproductive strategy. As willows can propagate themselves clonally from 

severed branch fragments (Douglas 1989; Barsoum 2002; Rood et al 2003), harvest and 

relocation of willows by beavers may induce willow asexual reproduction within and 

between populations. 

In order to produce a holistic picture of S. sitchensis reproduction, both observational 

field studies and laboratory based genetic procedures were used. Observational field studies 

were used to examine S. sitchensis pollination in Chapter 2 and to determine the relative 

proportions of sexual and asexual reproduction in Chapter 3. Genetic analysis was used to 

estimate measures of genetic/genotypic diversity, differentiation between populations, as well 

as determine reproductive strategy in Chapter 4. Salix sitchensis is a long lived perennial, 

and using only observational field studies may have resulted in erroneous conclusions as 

sexually reproducing populations may produce no sexual propagules during field 

observations. A study by Stamati et al. (2007) on alpine willows did not find evidence of 

sexual reproduction in the field; however, analysis of the population with laboratory based 

genetic methods suggested that the population was reproducing primarily sexually. Using 
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both methods should provide a more accurate picture of S. sitchensis reproduction. The 

objectives of this study were to determine: (1) levels and efficiency of wind and insect 

pollination in S. sitchensis; (2) if S. sitchensis was pollen limited; (3) the relative proportions 

of sexual and asexual reproduction in S. sitchensis populations; (4) whether beaver foraging 

increased S. sitchensis asexual reproduction; (5) S. sitchensis population genetic diversity, 

genotypic diversity and genetic structure; and (6) gene flow and population differentiation 

between populations of S. sitchensis. 
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Chapter 2: Pollination Strategy and Vector Efficiency of Salix sitchensis 

2.1 Introduction 

In dioecious plants, male and female flowers occur on separate individuals and as 

such, require vectors for pollination. Different plants use different mechanisms or 

combinations of mechanisms to achieve pollination. Despite its inherently random and 

inefficient nature, wind pollination is often the sole means of pollination in many families 

and habitats (northern deciduous forests; reviewed in Whitehead 1969). In general, wind 

pollination may be more common in areas of high latitude and altitude; areas with low flower 

diversity; open areas (i.e. savannahs); habitats characterized by seasonal loss of leaves; and 

island habitats (reviewed in Whitehead 1969). Low temperatures, loss of pollinators from the 

community, and generally low pollinator activity can limit insect pollination in these habitats 

(Wada 1999; Wilcock and Neiland 2002). 

Utilization of specific pollination vectors is often related to plant and floral 

physiology. Presence of floral nectar glands and erect, stiff, highly visible catkins suggest 

insect pollination (Tolisten and Knudsen 1992). Wind-pollinated species may reduce 

inflorescences to catkins, spatially separate male and female flowers, flower before leaf 

emergence, and release large amount of pollen into the air (Whitehead 1969; Friedman and 

Barrett 2008). Pollination is also influenced by wind velocity; rain storm intensity and drop 

size; variable pollen production; physical barriers such as leaves; distance between 

individuals; as well as presence and abundance of pollen vectoring animals (Whitehead 1969, 

Wilcock and Neiland 2002). These variables can result in pollination variation not only 

between species but also geographic areas within a species. Plants that maintain both wind 

and insect pollination strategies may be considered generalist pollinators. In habitats (riparian 

or alpine) where insect abundance and activity, as well as climatic conditions can be variable, 
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complete reliance on insect or wind vectors may result in low and unreliable levels of 

pollination. As wind-borne pollen is dependent on wind currents for dispersal and large 

quantities of pollen never successfully pollinate a flower, wind pollination is semi-random 

and fairly inefficient. However, wind pollinated species are not dependent on insects to 

transport pollen. Insect pollinated species on the hand must often allocate resources to the 

production of conspicuous flowers and nectar (Friedman and Barrett 2008). While it is 

possible that both vectors may fail during the same year, use of both wind and insect-

dispersed pollen may increase the probability of pollination. Thus variations in 

environmental conditions and insect abundance will only alter the proportion of pollination 

done by each vector (Tamura and Kudo 2000; Totland and Sottocornola 2001; Karrenberg et 

al. 2002). 

Pollen limitation occurs when species do not reach their maximum possible 

reproductive output due to receiving an insufficient quantity or quality of pollen (reviewed in 

Ashman et al. 2004). A deficiency of males; spatial separation of sexes; habitat 

fragmentation; a decrease in population size; invasion of a new habitat; invasion of non-

native plants which attract native pollinators; rapid decreases in pollen viability; the presence 

of pollen from other species; and vector inefficiencies may result in pollen limitation (Baker 

1955; reviewed in Whitehead 1969; Aizen and Feinsinger 1994; Argen 1996; Steffan-

Dewenter and Tscharatke 1999; Chittka and Schurkens 2001; reviewed in Wilcock and 

Neiland 2002; Ashman et al. 2004). Sparse populations usually have high levels of pollen 

limitation because the probability of wind pollination decreases with distance from source 

(reviewed Whitehead 1969; Kunin 1999). Long-term limitation may exert evolutionary 

pressure on plants to develop methods of reproductive assurance (Ashman et al. 2004). If 

adaptation or evolution does not occur, pollen limitation may decrease the absolute or 
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relative abundance of a species, lead to species extinction, and shift community dominance to 

less limited species (Ashman et al. 2004). 

Willows were originally considered to be predominantly insect-pollinated (Fisher 

1928; Argus 1974). While insects have been shown to be the dominate pollination vector in 

some willows species (Sacchi and Price 1998), other studies have shown that wind 

pollination was also a common and important factor in willow reproduction (Douglas 1996; 

Peters and Totland 1999; Karrenberg et al. 2002). Wind pollination has also been seen to 

dominate, although insect pollination was still occurring at low levels (Tamura and Kudo 

2000). Willows are often pollen-limited (Fox 1992) and reduction in seed and fruit 

production due to pollen limitation has been reported to range from 13% - 46% (Tamura and 

Kudo 2000; Totland and Sottocornola 2001). 

This study investigated the pollination strategy of S. sitchensis; which exhibits 

morphological characteristics of both insect and wind pollination. Floral nectar glands, erect, 

stiff and highly visible catkins (Brayshaw 1996), and substantial activity of potential insect 

pollinators, such as bees, flies, and beetles (personal observation), suggested the importance 

of insect pollination in this species. However, S. sitchensis flowers before leafing, 

inflorescences are reduced to catkins, male and female flowers are located on separate 

individuals, and male plants release large quantities of pollen into the air (Brayshaw 1996). 

These characteristics are suggestive of wind pollination (Whitehead 1969; Friedman and 

Barrett 2008). In order to analyze S. sitchensis pollination in central British Columbia this 

study determined: (1) proportion of S. sitchensis pollination due to wind or insect vectors; (2) 

variation of these proportions among populations and over time; (3) vector efficiency, and 

variation in efficiency; and (4) occurrence of pollen limitation in S. sitchensis. 
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2.2 Methods 

2.2.1 Study Species 

Salix sitchensis, a common riparian willow in central British Columbia Canada, 

possess a distinctive morphology which allows it to be easily distinguished from other willow 

species. Often found as a shrub or a small tree, S. sitchensis leaves are characterized by a 

satiny underside and short appressed hairs (Figure 1). In addition, it is the only willow 

species in central British Columbia exhibiting a single stamen in male flowers (Brayshaw 

1996; Mackinnon et al. 1999). Male catkins are 2.5 - 5 cm long while female catkins are 

slender and 3 - 8 cm long when in fruit. Brown hairy bracts, 1.5 - 2.4 mm long and 

darkening at the apex are present below flowers. Nectar glands are 0.5 - 0.8 mm long and 

capsules are 3.5 - 5 mm long with dense, shiny, short hairs (Brayshaw 1996). Flowers are 

reduced to catkins (Figure 1) and average flower production ranges from 250 - 500 flowers 

per catkin in central British Columbia. 

Figure 1: Examples of male S. sitchensis catkins (left) and leaves (right) from central British Columbia 
(Camp Creek) during early May. Photos taken by Annika Klopp. 
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2.2.2 Study Sites 

Four geographically isolated populations were chosen as study sites. The first site, 

Penny, was a small creek flowing into the Fraser River, located on the Penny Service Road 

96 km east of Prince George British Columbia. This site was enclosed by large stands of 

conifers, while willows and alder (Alnus spp. Hill) were present in dense patches around a 

beaver pond and stream. The only open areas were along the road, and around the beaver 

pond and stream channels. The second site, Camp Creek, was a small stream located within 

the Aleza Lake Research Forest (ALRF; 49.5 km north east of Prince George British 

Columbia), near Loop Lake Road. Camp Creek was enclosed by dense forest but spanned a 

wider area than Penny. Small clumps of willows and alder, 1 - 2 m tall, were present along 

the creek, and stands of mature conifers were present 50 - 80 m from the water. Camp Creek 

was delineated by a beaver dam on its eastern boundary, and dense thickets of conifers on the 

remaining sides. Island Park was a sandbar located on a flood plain in the Nechako River 10 

km northeast of Prince George, and dominated by stands of tall (1 - 8m) willows and alders. 

Bowron River, a meander bend on the Bowron River, was also located within ALRF. This 

site climbed very steeply (50°) up a river bank covered in S. sitchensis and terminated at a 

small road. This site ran parallel to the river until the road and river diverged. All sites were 

dominated by S. sitchensis, and alder. However, S. prolixa Andersson, S. bebbiana Sargent, 

S. lucida Muhlenberg, trembling aspen (Populus tremuloides Michaux), Cottonwood 

(Populus balsamifera Linnaeus), paper birch (Betula papyrifera Marshall), pine (Pinus spp. 

Linnaeus), and fir {Abies spp. Mill), were also present. Figure 2 shows a map of central 

British Columbia and the location of all study sites used for all chapters. 
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Figure 2: Location of the Salix sitchensis study populations used in this thesis. All populations are near 
Prince George British Columbia Canada. Map constructed in Google Earth. 

2.2.3 Pollen Limitation 

Investigations of pollen limitation used 20 individuals and 54 catkins (approximately 

3 per individual) at Camp Creek during May and June of 2008. The sample size was the 

number of individuals (20) not the number of catkins. Male catkin(s) were brushed against a 

female catkin until pollen was seen on all female flowers. Artificial pollination of female 

catkins is hereafter referred to as pollen transfer or PT. During 2005, population surveys were 

conducted at Camp Creek, Bowron River, Island Park, and Penny. Sex ratio (% of population 

that was male), and male density (male per m2) were recorded. 

2.2.4 Pollination Mode 

Due to flooding, some populations were not accessible at every collection time (April 

to June 2005, 2006, 2008; Table 1). Pollination experiments involved a treatment and a 

control group at all sites, however, Camp Creek was the only site to have two treatment 

groups: PT (described above) and closed. For the first treatment, female catkins were 

enclosed before flowers emerged to prevent insect pollination. Plastic plant fencing (similar 

to chicken wire) was moulded into a tube and wrapped with fabric mesh containing square 

openings 1 mm x 1 mm wide. Excluders were then placed over catkins and sealed with duct 

tape, and this treatment was referred to as closed (C). Controls were un-manipulated female 
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catkins, referred to as open (O). All treatments (and control) were performed on separate 

individuals and three catkins were manipulated or measured per individual. Individuals were 

separated by at least 1 m in order to sample from different genets. Sample size for each 

treatment was the number of individuals and site specific sample sizes can be seen in Table 3. 

The number of ripe fruits and the number of aborted/empty fruits were counted for 

each collected catkin. The ratio of ripe fruit to total fruits (ripe + empty) was calculated as: 

Number of ripe fruits r, n 
rf = [1] 

Total number of fruits 

This ratio is hereafter referred to as fruit ratio, or rf. Three random fruits per catkin 

were dissected under a dissecting microscope (2.5 x magnification) and the mean seed 

production per fruit for each treatment was calculated. Efficiency of insect and wind 

pollination, as well as pollen limitation was calculated according to Tamura and Kudo 

(2000). Wind pollination efficiency was obtained using Equation 2: 
Wind pollination efficiency =— [2] 

PT 

Where C was the number of seeds per flower or fruit ratio data for enclosed catkins, 

and PT was the number of seeds per flower or fruit ratio data for artificially pollinated 

catkins. Insect vector efficiency was estimated as: 

O-C 
Insectpollinatiaa efficiency^ [3 ] 

Where O was the number of seeds produced per flower or fruit ratio data for open 

(control) catkins. Pollen limitation was calculated as: 
Pollen limitation = 1 [41 

PT 
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Efficiency and limitation estimates were only calculated for Camp Creek as this was 

the only site where the PT catkins were successfully collected. 

2.2.5 Pollen Dispersal 

To determine if insect excluders (described in section 2.2.4) obstructed wind-borne 

pollen from reaching catkins, glass slides covered with clear, double sided tape were placed 

inside and outside of insect excluders at Penny (eight inside, nine outside) and Camp Creek 

(14 inside, 15 outside) in mid April of 2007 and 2008. Slides were recovered two weeks later 

and pollen was counted. 

2.2.6 Data Analysis 

All statistical analyses were conducted using statistical freeware R version 2.7.0. A 

three factor fixed model ANOVA was applied to seed production per fruit data to test the 

impact of site, treatment and year. A two factor fixed ANOVA was applied to rf data to test 

the impact of treatment and site. For all models, goodness of fit was examined using Akaike 

information criterion (AIC) values (Akaike 1973). To determine if the amount of pollen 

found on glass slides inside and outside insect excluders was statistically different, a two 

sample Wilcoxon test was performed. 

2.3 Results 

2.3.1 Pollen Limitation 

Table 2 shows that, on average, pollen limitation reduce seed production by 27.4%. 

Fruit ratio values were not different for artificially pollinated and open catkins. Treatment, 

(control, open, or PT) was observed to have a significant impact on seed production and fruit 

ratio data (Table 4). Tukey's test (results not shown) showed that for seed production data, 

open catkins produced more seeds than closed catkins and PT catkins produced more seeds 

than open or closed treatments. For fruit ratio data, Tukey's test showed that open and PT 
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ratios were higher than closed ratios, however, open and PT ratios were not significantly 

different. 

Table 1: Number of catkins and individual plants used per treatment at each site. Closed treatments are 
those flowers within an insect excluder, and open are those not covered. 

Year 
2008 

2008 

2006 

2006 

2005 

2005 

2005 

Site 
Camp 

Penny 

Island Park 

Camp 

Penny 

Island Park 

Bowron River 

Catkins 
Individual 
Catkins 

Individual 
Catkins 

Individual 
Catkins 

Individual 
Catkins 

Individual 
Catkins 

Individual 
Catkins 

Individual 

Closed 
31 
13 
39 
15 
25 
25 
11 
11 
13 
13 
10 
10 
30 
15 

Open 
112 
40 
60 
21 
25 
25 
11 
11 
13 
13 
10 
10 
30 
15 

Table 2: Results for analysis at Camp Creek in 2008. Efficiency shows how efficient wind and insect 
pollinators were as measured by seed production per fruit and fruit ratio (rf) data. Seed production and 
fruit ratio show the number of seeds and rf values produced when flowers were artificially pollinated 
above levels found in nature (PT), open to wind and insect pollination, (O) and enclosed in insect 
excluders (C). N represents the sample size of each treatment. 

Efficiency Seed Production and Fruit Ratio 

Seed production per 
fruit rf 

Seed production 
per fruit rf 

N 
Wind 
0.29 

Insect 
0.44 

Wind 
0.76 

Insect 
0.27 

PT 
O 
C 

5.08 ± 2.07 
3.69 ± 2.27 
1.5011.57 

0.74 + 0.16 
0.76 ±0.19 
0.56 ± 0.36 

20 
40 
13 



Table 3: Mean and Standard Deviation of seed production per flower, and ratio fruit ratio data (rf). 
Closed treatments are those flowers within an insect excluder, and open are those not covered. N 
represented the sampled size of each treatment at each size. 

Year 

2005 
2005 
2005 
2006 
2006 
2008 
2008 

Site 

Penny 
Island Park 

Bowron River 
Island Park 

Camp 
Camp 
Penny 

Open 

Seed 
production 

per fruit 

2.02 + 2.14 
6.70 + 4.65 
1.36 ±1.93 
6.43 ± 3.05 
3.21 ± 3.44 
3.69 + 2.27 
6.64 ±1.86 

r f 

0.76 ±0.19 
0.86 ±0.14 

N 

21 
10 
30 
25 
11 
112 
60 

Closed 

Seed 
production 

per fruit 

0.97 ±1.26 
1.48 ±1.47 
0.49 ± 0.67 
4.95 ± 3.61 
1.79 ±2.40 
1.50 ±1.57 
2.60 ±2.11 

r f 

0.56 ±0.36 
0.58 ± 0.34 

N 

15 
10 
30 
25 
11 
31 
39 

Table 4: Results of the univariate ANOVA showing the results of the models analyzed. A model was run 
for each response variable: seeds per fruit and the ratio of fruit ratio (rf) data. P values are given for the 
overall models, as well as the factors included within the models. Models or factors with a p value less 
than 0.05 are considered significant. Year is omitted for fruit ratio data as they were only collected for 
one year. Treatment refers to open, closed and pollen transferred treatments. 

Model 
Factors 

Year 
Site 

Treatment 

Seed production per 
F 

19.47(7,223) 

13.06(2,223) 
21.60(3,223) 
22.69 (2, 223) 

fruit 

P 
2.20E-16 

4.21 E-06 
2.21E-12 
9.96E-10 

r f 

F 
7.37 (3,89) 

2.39(1,89) 
9.86 (2,89) 

P 
0.000182 

0.000136 
0.0125982 

All populations in this study had a female biased sex ratio. The male proportion of 

each population was: Camp Creek 0.42, Bowron River 0.42, Island Park 0.44 and Penny 

0.38. Male density (number of males per m2) was low and variable between sites (Camp 

0.0083/m2, Bowron River 0.20/m2, Island Park 0.22/m2, Penny 0.0075/m2). 

2.3.2 Pollination Mode 

Some insect excluders were lost to bear (Ursus spp.) activity and to catkin 

desiccation. In 2008 an entire study site, Island Park, was lost to flooding. This resulted in a 

lower sample size than initially planned, especially for fruit ratio and PT treatments (Table 
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1). Seed production per fruit was analyzed at all sites, however, fruit ratio data was only 

looked at in Penny and Camp Creek. Wind pollination occurred in S. sitchensis, as seed 

producing-enclosed catkins were observed in all populations (Table 3). However, enclosed 

flowers appeared to have produced, on average, less seeds and had lower rf values than open 

catkins (Table 3). An ANOVA comparing treatment's impact on flower ratio and seed 

production per fruit and Tukey's test (results not shown) showed that the observed difference 

between open and closed treatments was statistically significant (Table 4), which suggested 

that insect pollination had also occurred. 

The proportion of pollination due to wind and vector efficiency was variable by site, 

year and response variable (Table 5). Fruit ratio data reported a wind pollination level of 0.67 

and 0.68 at Camp Creek and Penny, while seed production per fruit had more variation. 

Bowron River and Penny had seed production site average values of 0.36 and 0.38 while 

Camp Creek and Island Park had site average values of 0.45 and 0.62 respectively. The 

number of seeds produced per fruit was more variable by site than rf data, but both variables 

suggested that pollination proportion was variable by site. Seed production per fruit was not 

only variable by site, but by years within a site (Table 5). Island Park had the most 

pronounced differences in seed production per fruit; in 2005 only 0.22 of pollination was due 

to wind while 0.79 of pollination was due to wind in 2006. From these results it was not 

possible to determine if rf data was variable by year as it was only collected for one year. 

However, rf data did appear to be less variable between sites as Camp and Penny had wind 

pollination values of 0.67 and 0.68 respectively (Table 5). Pollination efficiency was also 

variable as seed production per fruit data found that wind pollination was 29% effective and 

insect efficiency was 44%. Fruit ratio data showed that wind pollination was 76% efficient 

and insect pollination was 27% effective. 
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Table 5: Proportion of total pollination (wind and insect pollination) due to wind. Proportion data is 
reported for seed production per flower, fruit ratio data (rf) as well as year and the average across years 
for each site. Not all sites were available every year, and missing values were left blank. 

Site Year 
Proportion Wind-

pollinated per Year 

Site Average of 
Wind Pollination 

Proportion 

Seed production per 
fruit rf 

Seed production 
per fruit rf 

Bowron River 
Camp 

Island Park 

Penny 

2005 
2006 
2007 
2008 
2005 
2006 
2005 
2008 

0.36 
0.53 
0.4 
0.37 
0.22 
0.79 
0.48 
0.39 

0.67 

0.68 

0.36 
0.45 

0.62 

0.38 

0.67 

0.68 

2.3.3 Pollen Dispersal 

The results of a two sample Wilcoxon test found no significant difference (N = 22, W 

= 181 p = 0.1044) between pollen on glass slides inside and outside insect excluders. While 

this difference was not statistically significant, the ratio of closed to open pollen counts at 

Penny was 0.56 and Camp was 1.01. Overall, the ratio for closed to open pollen counts was 

0.74. The ratio at Camp of 1.01 suggested that insect excluders did not restrict pollen flow 

while Penny's pollen ratio (0.56) and the overall ratio (0.74) implied that pollen flow may 

have been restricted, despite the non-significant difference. 

2.4 Discussion 

2.4.1 Pollen Limitation 

A significant reduction in seed production per flower as a result of pollen limitation 

was observed, and no significant difference was found between fruit ratio values in open and 

artificially pollinated catkins (Tukey's test; Table 4).This may have been a result of fruit ratio 

data not representing the differences in seed production between the two treatments. While 
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equal amounts of flowers may have survived to maturation in open and artificial treatments, 

the amount of seed production was quite different (Tables 2 and 3). 

The low male density of S. sitchensis implied, and was confirmed by field 

observations, that substantial space existed between individuals and clumps of willows. 

Large distances decrease the chance that pollen would have successfully traveled from male 

to female plants via wind vectors (reviewed Whitehead 1969; Wilcock and Neiland 2002). 

Low efficiencies for both wind and insect pollination (Table 2) also suggest that pollen was a 

limiting factor for S. sitchensis reproduction. Based on fruit ratio data, wind pollination was 

76% efficient, while fruit ratio insect efficiency (27%) and seed production per fruit 

efficiencies for both wind (29%) and insect (44%) pollination were below 50% (Table 2). 

Differences in efficiency may have been due to the variable seed production seen in Table 2. 

Seed production per open flower was low and variable, and some flowers produced no seeds 

at all. Resource reallocation may have occurred which resulted in variable seed production 

data. This variability may have resulted in the differences between seed production per fruit 

and fruit ratio data. 

Pollen limitation was found to have reduced seed production in S. sitchensis by 

27.4%. S. lanata, S. lapponum, S. bebianna, S. novae-anglia, S. planifolia, S. alaxensis, and 

5*. scouleriana have also been reported to be pollen-limited (Fox 1992; Totland and 

Sottocornola 2001). Artificial pollination experiments increased seed production per fruit by 

46% and 20% in S. lanata. For S. lapponum, however, the increase was not a significant 

factor for S. lapponum seed production (Totland and Sottocornola 2001). Totland and 

Sottocornola (2001) examined pollen limitation in S. lanata, and S. lapponum by measuring 

fruit set, which was roughly comparable to fruit ratio data. Similar to this study, they found 

no significant evidence for pollen limitation from fruit set (fruit ratio) data. The level of 
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pollen limitation (27.4%) seen in S. sitchensis was lower than the value of S. lanata and 

higher than the non-significant value of S. lapponum. It is possible that the riparian habitat of 

S. sitchensis contained more insects, and a more hospitable environment for wind-borne 

pollen than alpine habitats. However, physiological differences between willows and 

differences in how willows interact with pollen vectors cannot be ignored and future studies 

should investigate these factors. 

Tamura and Kudo (2000) looked at pollen limitation in two populations of the 

temperate willows, S. miyabeana (for one year) and S. sachalinensis (over two years). S. 

miyabeana showed pollen limitation of 41% while S. sachalinensis showed limitation levels 

of 29%, 21%, and 13%. These values were calculated using seed set data, and while this 

variable was different than seed production per fruit, the two variables were related and the 

results could be compared to S. sitchensis seed production per fruit data. Salix sitchensis 

experienced pollen limitation of 27.4% and this is in agreement with the continuum of values 

seen by Tamura and Kudo (2000). The riparian habitat in northern Japan that Tamura and 

Kudo (2000) studied is similar to riparian habitats studied in central British Columbia. It is 

not surprising that pollen limitation values of S. sachalinensis were close to those found in S. 

sitchensis, as habitats were similar. The higher value of pollen limitation found in S. 

miyabeana may have been a result of physiological differences between willows. However, 

as pollen limitation treatments were carried out at one site for one year, pollen limitation 

variation comparisons could not be made between S. sitchensis and Tamura and Kudo's 

(2000) findings. More trials spanning several years and sites are needed to determine if 

pollen limitation was variable in S. sitchensis. 
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2.4.2 Pollination Mode 

Wind pollination appeared to be occurring as seed producing, enclosed catkins were 

observed at all sites. The ANOVA comparing treatment's impact on fruit ratio and seed 

production per fruit, as well as Tukey's test, showed that the observed difference between 

open and closed treatments was statistically significant (Table 4). This suggests that, in 

addition to wind, insects also pollinated S. sitchensis, which in turn is supported by the 

abundance of insects seen visiting both male and female plants in close succession at all sites 

during pollination (April to June). Identification of insects was not attempted during this 

study. 

Table 3 and Karrenberg et al. (2002) showed that some mature fruits did not produce 

seeds. Empty fruits which appear ripe would result in variable seed production data that 

inaccurately quantified pollination relationships. Resource reallocation may have further 

complicated the relationship between the two variables. Most plants exhibit modular growth 

and can transfer resources to flowers that received a greater quality and or quantity of pollen 

(Zimmerman and Pyke 1988; Pfennig and Conner 1997; Ashman et al. 2004). If reallocation 

occurred in S. sitchensis, any correlation between fruit ratio and seed production would be 

blurred. Resource reallocation would have resulted in seed production not accurately 

representing levels of pollination. Higher seed production may be independent of pollination 

and instead be due to certain flowers receiving more resources than their neighbours. 

Estimates of the relative importance of wind and insect pollination varied greatly for 

seed production data and fruit ratio data. (Table 5). This could have been a result of the 

nature of the different response variables. Fruit ratio data was a measure of seeded flowers to 

total flowers; it did not quantify seed production. Variable seed production data would have 

resulted in seed production per fruit being less accurate in determining pollination mode than 
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fruit ratio data. This variation may have resulted in the divergence between seed production 

per fruit and fruit ratio data. Fruit ratio data suggested that wind pollination was more 

common than insect pollination (Table 5), and while this data was less variable than seed 

production per fruit, it was only collected from two sites during a single year. Seed 

production per fruit, on the other hand, showed variable vector dominance, however, wind 

pollination was common, and in some cases dominant. This suggested that wind pollination 

may be slightly more common than insect pollination in S. sitchensis. On the other hand, low 

population densities and female biased sex ratios may lead to a decrease in pollen rain 

(increased pollen limitation) and increased reliance on insect pollinators (Fox 1985, reviewed 

in Fox 1992). 

Extremes in weather, climate, and unreliable insect abundance and wind conditions 

could result in the variance in vector reliance seen within and between willow species. This 

may in turn have favoured the development of a generalist (insect and wind) pollination 

strategy that would increase the probability of pollination and therefore reproduction 

(Tamura and Kudo 2000; Totland and Sottocoraola 2001; Karrenberg et al. 2002). Tamura 

and Kudo (2000) interpreted a mixed pollination strategy in Salix as a bet-hedging strategy. If 

conditions did not favour wind pollination, (lots of rain, and too much or not enough wind) 

then pollination and reproduction could occur via insect vectors, and vice versa. Karrenberg 

et al. (2002) hypothesized that a mixed pollination strategy was the ancestral condition of the 

genus Salix, and one that natural selection had favoured in pioneering species. Willows are 

pioneer plants, and utilizing wind pollination would greatly benefit willows, as insect vectors 

are unpredictable in many habitats (Totland and Sottocornola 2001; Culley et al. 2002). If 

insect vector density or activity decline, pollination may still occur via wind. With pollination 

occurring in a short time period (weeks or months) and only once a year, an entire year's 
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sexual reproduction could be lost if conditions were not favourable. Having a second strategy 

may increase the probability that pollination would occur and the population could sexually 

propagate. The data collected in this study suggested that a bet-hedging strategy may be 

present within S. sitchensis, as both insect and wind pollination existed, and dependence 

varied by year and site. Insect and wind pollination have also been observed in several alpine 

and riparian willows (Douglas 1997; Peters and Totland 1999; Tamura and Kudo 2000; 

Karrenberg 2002). Similar variability in habitat conditions in riparian and arctic regions may 

have resulted in the evolution of the general pollination mechanism used by these willows 

and S. sitchensis. 

Having both sets of floral characteristics necessary for both insect and wind 

pollination may have resulted in the low efficiency for each mechanism. However, despite 

this low efficiency S. sitchensis is abundant throughout the study area. Future studies should 

therefore examine the role asexual reproduction play in population growth of this species. 

Salix lasiolepis was exclusively insect-pollinated (Sacchi and Price 1988), however, 

when wind pollination did occur, 90.4% of fertilized ovules were aborted (Sacchi and Price 

1988). Two sites were examined in a single year, and both sites produced similar results. This 

species appeared to utilize insect pollination substantially more than S. sitchensis. Differing 

physiological and environmental conditions may have resulted in the vast differences seen 

between pollination strategy in & lasiolepis and S. sitchensis. Pollination differences within 

and between species may be a result of differences in climatic features. Whitehead (1969) 

postulated that rainfall could wash pollen out of the air and Tamura and Kudo (2000) 

suggested that rainfall and temperature may have impacted pollination and seed set in their 

study. The sites observed in this study showed differences between sites and years related to 
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rainfall and temperature. A detailed analysis of this trend may clarify the picture of vector 

influence and efficiency. 

Analysis of seed production per fruit data at Camp Creek determined that insect 

pollination was more efficient (44%) than wind pollination (29%); while an analysis of fruit 

ratio data determined that wind pollination was more efficient (76%) than insect pollination 

(27%). Tamura and Kudo (2000) analyzed pollinator efficiency by looking at seed set in S. 

miyabeana and S. sachalinensis. Their study determined that wind pollination efficiency (S. 

sachalinensis: 42%. S. miyabeana: 63% -78%) was consistently higher than insect 

pollination efficiency (S. sachalinensis: 23% S. miyabeana 7%—11%). Salix sitchensis 

showed no clear trend in regards to vector efficiency, and as it was estimated for a single site 

during a single year, spatial and temporal variance were unknown. Regardless, the variation 

in vector efficiencies observed between variables made it impossible to conclude which 

pollination mechanism was more efficient. Variable seed production, perhaps due to resource 

reallocation, may have led to variation in seed production data, resulting in fruit ratio data 

being more accurate when investigating pollination. This variability may have resulted in the 

differences observed between vector efficiencies. 

2.4.3 Pollen Dispersal 

While insect excluders did appear to exclude wind-borne pollen, this trend was not 

statistically significant. It is possible that the sample size was too small (22 pairs of glass 

slides) to give this study the statistical power needed to find a statistical difference. However, 

other studies have also failed to find a significant impact of insect excluders or net bags on 

pollen flow (Sacchi and Price 1988; Fox 1992; Douglas 1997; Peeters and Totland 1999; 

Tamura and Kudo; Karrenberg et al. 2002). As little evidence exists to suggest that insect 
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excluders hinder the passage of wind-borne pollen, it appears that the impact of insect 

excluders on pollen flow was small and did not influence the results of this study. 

2.5 Conclusion 

This study showed that pollination of S. sitchensis occurred by wind and insect 

vectors, however, vector reliance and efficiency was variable by site, and year. Nevertheless, 

these data suggested that wind pollination was slightly more common than insect pollination. 

Variable reliance and efficiency suggested a bet-hedging strategy that may have evolved to 

ensure the reproductive success of a pioneer species in dynamic riparian habitat. Pollen 

limitation appeared to be occurring within this species, and future studies of limitation 

variation are needed. 

Seed production data may have been impacted by resource reallocation, resulting in 

the variable seed production seen in this study. Regardless of cause, seed production data was 

too variable to be considered a reliable parameter to evaluate pollination vectors. Seed 

production per fruit and fruit ratio data did not concur on pollination method efficiency or 

proportion. Despite these contradictions, the data collected in this study suggested that S. 

sitchensis was pollen-limited as well as pollinated by both wind and insect vectors. 
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Chapter 3: Impact of beavers on the relative success of sexual and asexual reproduction 

in riparian willows 

3.1 Introduction 

Plants often combine sexual reproduction via seeds with asexual reproduction from 

rhizomes or translocated vegetative propagules. Reproductive success is therefore determined 

not only by sexual seed production but by vegetative propagation as well (Mclellan et al. 

1997). In plants capable of sexual and asexual reproduction, the relative proportions of 

reproductive methods will influence population genetic structure, effective population size, 

stochastic genetic processes, meta-population dynamics, and the evolution of species 

geographic range (Dorken and Eckert 2001; reviewed in Eckert 2002; Eckert et al. 2003). 

Due to physical connections between some clones, resource acquisition and survival 

through the first few years after germination may be easier for clones than sexual offspring. 

However, this connection can also transfer disease, and result in inbreeding as clonal plants 

are often clumped together (reviewed in Yufen and Dayong 2007). While sexual propagules 

often have poor survival rates, they can disperse much further than asexual propagules 

resulting in "individuals escaping" from areas of high population densities (Yufen and 

Dayong 2007). The low genotypic diversity caused by clonal reproduction conserves an 

optimal pool of genes that are well adapted to a stable environment. However, in a variable 

habitat, this strategy may result in individuals not having the genotypic diversity needed to 

survive. Disturbances such as floods, may import new vegetative propagules with novel 

genotypes from other sites, and increase the genotypic diversity of the population (Barrat-

Segretain 1996). 
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Relative proportion of sexual and asexual reproduction can vary not only between 

species, but between populations of the same species (reviewed in Barrat-Segretain 1996; 

Eckert 2002; Eckert et al. 2003). Relative reproductive proportions are determined by factors 

that limit sexual reproduction. Such factors are: pollinator visitation; temperature; latitude; 

presence of suitable sites for germination and establishment; as well as genetic factors 

(reviewed in Dorken and Eckert 2001). Plant size, age, and population density can also 

impact resource allocation to sexual or asexual strategies (reviewed in Yufen and Dayong 

2007). Clonal growth can lower levels of sexual reproduction by interfering with pollen 

transfer and reproduction between genets (Handel 1985). Asexual propagules are virtually 

always larger than sexual propagules and often lack mechanisms for dormancy and dispersal. 

These factors may combine to lower dispersal distances of asexual propagules (reviewed in 

Eckert 2002). This in turn may explain why asexual reproduction often sustains growth 

within a population while colonizing individuals are often sexually derived (reviewed in 

Barrat-Segretain 1996; Olivieri and Gouyon 1997; Arens et al. 1998). However, in species 

which produce few seeds, vegetative propagation, colonization and long distance dispersal 

will be important (Barrat-Segretain 1996; Eckert 2002). Presence and activity of animals can 

also influence sexual as well as asexual reproduction. Animals can transport pollen, seeds, 

and vegetative propagules (Hamrick et al. 1993; reviewed Barrat-Segretain 1996; Hardesty et 

al. 2005; Jordano et al. 2007), which can alter population structure, growth and colonization. 

Animal browse can induce compensatory growth, alter nutrient and secondary compound 

concentrations, as well as increase basal area, stem diameter and stem production (Kindschy 

1985; Donkor and Fryxell 1999; Veraart et al. 2006; Jones et al. 2008). All of these 

animal/plant interactions can alter the proportions of plant sexual and asexual reproduction. 
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Willows are common dioecious riparian plants capable of both sexual and asexual 

reproduction (Douglas 1989; Barsoum 2002; Rood et al 2003). Reproduction has been 

observed to have been dominated by sexual propagules (Stamati et al. 2007), asexual 

propagules (Cottrell 1995), and a mixture of both (Barsoum 2002; Douhovnikoff et al. 2005). 

As mentioned in Chapter 1, riparian habitats can be greatly benefited and impacted by 

willows; however, riparian systems can also be modified intensively by another common 

resident, the beaver. Through selective forage and the creation of dams, beavers have been 

observed to alter forest composition and age, as well as hydrology, temperature, and 

chemical properties of water ways. Beaver forage has also been observed to alter the 

abundance, richness, and composition of plant and fish communities (Donkor and Fryxell 

1999; Collen and Gibson 2001; McKinstry et al. 2001). The association between willows and 

beavers is more than spatial proximity; beaver browse has been observed to alter the nutrient 

and secondary compound concentrations in willows (Veraart et al. 2006). Stem basal area 

and diameter; stem and plant abundance; sapling recruitment; stem regrowth; and plant 

growth rates have also been observed to increase with beaver foraging (Kindschy 1985; 

Donkor and Fryxell 1999; Jones et al. 2008). Conversely, willows have also been found to 

influence beaver reproduction. When beavers were relocated to a geographic location where 

the peak in willow nutritional value did not coincide with peak beaver nutritional 

requirements, beaver reproductive rates were low (Nolet et al. 2005). 

Beaver removal and relocation of willow stems, was hypothesized to have resulted in 

Salix planifolia's domination of mire habitat (Cottrell 1995). Jones et al. (2008) observed that 

35% - 40% of beaver felled trees in Scotland showed various levels of regrowth. However, 

other studies that while not designed to examine beaver impacts, have suggested that beaver 

activity had a minor impact on the reproduction of Salicaceae species (Barsoum 2002, 
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Cooper et al. 2005). Barsoum (2002) showed that only 12% of translocated willow fragments 

originated from beaver forage, although the majority of vegetative reproduction in Populus 

nigra on sandbars was placed there by beavers. Other studies have shown that 0% - 7% of 

mature willow and cottonwoods originated from beaver browse (Rood et al. 2003; Cooper et 

al. 2005). 

Salix sitchensis is a common riparian willow in central British Columbia, Canada. A 

more detailed description of S. sitchensis can be found in sections 1 and 2.2.1. This willow is 

often harvested by beavers, and abundant cuttings can produce new asexual individuals 

(personal observation). Little is known about the reproduction of S. sitchensis and how 

beaver relocation of harvested stems impacted reproduction. In order to better understand the 

reproductive strategy of S. sitchensis in central British Columbia this study will determine: 

(1) the relative contribution of sexual and asexual reproduction in populations of S. 

sitchensis; and (2) the amount of beaver-mediated asexual reproduction occurring in S. 

sitchensis. 

3.2 Methods 

3.2.1 Study Sites 

Six sites were observed in this experiment: Island Park, Bowron Bridge, Camp Creek, 

Penny, Penny by Fraser, and Bowron River. Of these, Camp Creek, Island Park, Penny, and 

Bowron River were described in section 2.2.2. However, it is important to note that a thick 

matt of grasses, sedges, and shrubs dominated Camp Creek; although, small stretches of 

exposed mud were present near the creek. Camp Creek was 265 m long by 24 m wide with a 

total area of 6360 m2. Island Park was 120 m long by 50 m wide at the middle (total area 

6000 m2), with the ends tapering to points less than 10 m wide. Ground cover at Island Park 

was dominated by sand and mud, but small shrubs, grasses, and willows and alders were 
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abundant in sporadic clumps. Penny was 113 m long by 50 m wide with a total area of 5650 

m2 and had similar ground cover to Camp Creek. The only mud or soil not covered in grass, 

willows, or water at Bowron River was found on the beaver lodge. Bowron River was 300 m 

long and 15 m wide with a total area of 4500 m2. Penny by Fraser was located 500 m down 

the Penny Service Road from Penny, on the banks of the Fraser River. Penny by Fraser had 

identical tree cover to Penny, but it was a sand beach similar to Bowron Bridge. This site was 

350 m long and 25 m wide (at low water levels) with a total area of 8750 m2. Bowron Bridge 

was located on the Bowron River, under a bridge on the Bowron Forest Service Road. A 

sandy beach, Bowron Bridge had no vegetation present until 15 - 20 m from the edge of the 

water, at low water levels. At this point a band of S. sitchensis and S. lucida, approximately 

10 m wide was gradually replaced by Populus balsamifera and Populus tremuloides. This 

site was 200 m long by 30 m wide at low water levels with a total area of 6000 m . Bowron 

River and Penny by Fraser site boundaries were the termination of the sandy beach on all 

four sides. 

3.2.2 Sexual Reproduction 

During April to August in 2007 and 2008 seedlings were counted on a small 

proportion of appropriate substrate within a site. Appropriate substrate was defined as ground 

not completely covered by grass, sedges, shrubs, or water. Covered habitats were avoided as 

Cottrell (1995) found no willow reproduction under sedge cover, and Barsoum (2002) found 

the majority of seedlings on fine sediments close to water. Exposed surface was measured 

and the number of current and previous year's seedlings was counted. Seedlings from the 

current year were under 10 cm tall while the previous years seedlings were over 10 cm tall. 

Seedling density was calculated based upon seedling density per area of optimal substrate. 
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Sites were visited the following year and seedlings were counted again. Willow seedlings 

were identified by their characteristic leaf and bark morphology. 

3.2.3 Asexual Reproduction 

Beaver browse was identified by the characteristic diagonal browse pattern left on 

harvested sticks (Figure 3). Live browse was located and counted over the entire site and 

stems were segregated into two classes based on the presence of roots. Those with roots 

growing from the stem were called rooted stems, while those without were called unrooted 

stems. Each category was marked with a characteristic colour of flagging tape and revisited 

the following spring. Previously marked sticks that were rooted the following year were 

counted, and the number of stems that were lost over winter was calculated by subtracting the 

number of marked stems in 2007 by those relocated in 2008. Fresh beaver browse was also 

marked and counted using the methods described above. Only Salix spp. stems were marked 

and identification of S. sitchensis branches was made possible by the characteristic satiny 

undersides of leaves with appressed hairs (Brayshaw 1996). 

Figure 3: Characteristic diagonal browse pattern left by beavers. Photo by Travis Gerwing. 

28 



3.3 Results 

3.3.1 Sexual Reproduction 

Seedling survival was poor over winter and seedling production and density was 

variable by site and year (Table 6). Island Park produced the highest number of seedlings 

(719 in 2008), and had the highest seedling density (35.96 seedlings per m2). Conversely, 

Bowron River produced no seedlings in 2007 and 2008. Temporal variation in seedling 

production and density was exemplified by Penny by Fraser, which in 2007 had no seedlings 

and in 2008 had 223 seedlings and 0.74 seedlings per m . 

Table 6: Number of the current and previous growing season's seedlings present at each site over two 
years. 

Year 
2007 
2008 
2007 
2008 
2007 
2008 
2008 
2007 
2008 
2008 
2008 
2007 

Site 
Bowron Bridge 
Bowron Bridge 
Bowron River 
Bowron River1 

Camp Creek 
Camp Creek 
Island Park 
Island Park2 

Penny 
Penny 

Penny by Fraser 
Penny by Fraser1 

Sample 
Area (m2) 

50 
50 

1600 
1600 
800 
800 
20 

1040 
1040 
300 
300 

Current 
Year's 

Seedlings 
25 
78 
0 
0 
4 
8 

719 

0 
0 

223 
0 

Previous 
Year's 

Seedlings 
0 
8 
0 
0 
0 
3 
0 

0 
0 
0 
0 

Seedling 
Perm2 

0.500 
1.560 
0.000 
0.000 
0.005 
0.010 
35.960 

0.000 
0.000 
0.740 
0.000 

V) Site was flooded during summer and fall. 
2) Site was not assessed. 

3.3.2 Asexual Reproduction 

Nearly all browsed stems observed were considered to be S. sitchensis. This 

assumption was based on the uniform predominance of this species at all sites and also on the 

fact that all observed stems with leaves were identified as S. sitchensis. While the species 
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identity of browsed stems was consistent, quantity, as well as density of rooted and total 

stems was variable by site and year (Table 7). Camp Creek 2008 (264 rooted stems, 407 total 

stems, and 0.064 stems per m2) and Island Park 2007 (136 rooted stems, 407 total stems, and 

0.068 stems per m ) had the highest levels of total and rooted stems. Bowron River, on the 

other hand, had the lowest number of rooted and total stems. In 2008, this site had no 

observed stems while in 2007, 24 stems (0.005 stems per m2) were found and only one was 

rooted. Temporal variation was also present, and was best exemplified by Camp Creek. In 

2007, of the 266 (0.041 stems per m2) stems found, only five were rooted; however, in 2008, 

407 (0.064 stems per m2) were found and 264 were rooted. 

Table 7: Total amount of rooted beaver browse at all sites for two years 

Year 

2007 
2008 
2007 
2008 
2007 
2008 
2007 
2008 
2007 
2008 
2008 

2007 

Site 

Bowron Bridge 
Bowron Bridge 
Bowron River 
Bowron River* 
Camp Creek 
Camp Creek 
Island Park 
Island Park 

Penny 
Penny 

Penny by Fraser 

Penny by Fraser * 

No. Rooted 
Stems 

15 
46 
1 
0 
5 

264 
136 
94 
10 
91 
37 

0 

No. 
Unrooted 

Stems 

48 
64 
23 
0 

261 
143 
271 
90 
-

48 
22 

0 

Total 

63 
110 
24 
0 

266 
407 
407 
184 
10 

139 
59 
0 

No. stems 
Per m2 

0.011 
0.018 
0.005 
0.000 
0.041 
0.064 
0.068 
0.031 
0.000 
0.025 
0.007 

0.000 

* Site was Flooded 

Table 8: The number and percent of total beaver fragments that were rooted and lost, in 2008 after initial 
quantification in 2007. 

Site 
Camp Creek 

Bowron Bridge 

Rooted 
Stems 

31 
0 

% Total Browse 
Rooted Stems 

11.65 
0.00 

Number of 
Fragments Lost 

205 
220 

% Total Browse 
Lost 
77.86 
98.40 
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The survival of browsed stems was observed overwinter at Camp Creek, Bowron 

Bridge, and Island Park. A large portion of marked beaver browse was lost to floods (56%, 

78%, and 98%). Of the total beaver browse previously marked, including stems lost to 

flooding, 0%, 12%, and 21% was recaptured and classified as rooted the following year. 

Considering only the browse that was recaptured the following year, 0%, 50%, and 51% was 

rooted (Table 8). Beaver-mediated asexual reproduction produced more individuals that 

survived overwinter than sexual reproduction (Table 8). This general trend was not seen in 

Bowron Bridge, where water levels were higher than in previous years (Water Survey of 

Canada Data). The elevated sexual reproduction in this site was due to a small number of 

seedlings present high on the beach sheltered by rocks and accumulated driftwood; beaver 

browse, on the other hand, was unprotected and washed away. In general, sexual propagules 

had a lower survival rate than asexual propagules. 
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Figure 4: Survival of sexual and asexual willows from 
2007 to 2008. 
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3.3 Discussion 

3.3.1 Sexual Reproduction 

This study found that large amounts of seedlings were produced every year, however, 

few survived through the winter. This is in accordance with the results of Barsoum (2002) 

and Douhovnikoff et al. (2005) who also observed high seedling mortality. Poor overwinter 

survival was most likely associated with flood and ice scouring. All sites froze overwinter 

and experienced periods of flooding soon after snow melt (between March and June). High 

and fast flood waters, as well as the transport of large blocks of ice downstream created 

conditions that the fragile seedlings could not survive. Seedlings may also have not survived 

the subzero temperatures, snow and ice present during winter. Poor seedling survival after 

severe climatic and hydrological events was also observed by Karrenberg et al. (2002), and 

Barsoum (2002). Poor germination and seedling production at all sites were assumed to be 

due to environmental factors. Unpublished data collected by Cecilia Alstrom-Rapaport on S. 

sitchensis seed germination trials under optimal greenhouse conditions showed that 80% -

100% of seeds germinated. This suggested that poor germination was mainly environmental 

and not genetic in origin. 

Sites with more exposed soil or mud (Penny by Fraser, Island Park), had more 

seedlings than sites with less exposed substrate (Bowron River, Camp Creek, Penny). High 

numbers of seedlings on exposed, wet, and fine sediments have been previously reported 

(Barsoum 2002; Copper et al. 2006). More exposed substrate increases the chance a seed 

would land on suitable ground cover for germination. Open patches of soil or mud are devoid 

of vegetation and lack competition for establishing seeds; therefore, establishment and 

growth is easier. Salix alba produced 3.16 seedlings per m2 and 6.55 seedlings per m2 in 1995 
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and 1996 respectively, on a 1.5 km stretch of the Drome River, France (Barsoum 2002). Like 

the analysis of S. sitchensis seedlings, Barsoum's (2002) estimate of seedling density focused 

on areas of optimal germination potential. Salix alba produced more seedlings than S. 

sitchensis; however, both species had high mortality rates. S. alba may have produced more 

seeds than S. sitchensis or Barsoum's (2002) study sites may have a higher proportion of 

habitat that would support seed germination than the study sites in central British Columbia. 

Cottrell (1995) found no seedlings in mire habitats of S. planifolia, and the absence of 

seedlings was attributed to poor survival under sedge cover (Cottrell 1995). Low seedling 

densities under heavy sedge or shrub cover were also seen in this study (Camp Creek, Penny, 

and Bowron River). Seedlings were found at all sites, and this is due to a higher proportion of 

open habitat capable of supporting seedling germination in these study sites than in Cottrell's 

(1995) mire habitat. However, differences in seed production between S. sitchensis, S. alba, 

and S. planifolia may have been physiological or environmental in nature. 

Variation within sites between years could be attributed to spatial and temporal 

climatic as well as hydrological variation. For example, Penny by Fraser in 2007 was flooded 

and no seedlings were found. In 2008, when data was collected (early spring), water levels 

were lower than in 2007 (Water Survey of Canada Data) and 223 new seedlings (0.74 

seedlings per m2) were observed. High water levels decreased the amount of exposed 

substrate, thus decreasing the number of seedlings that became established. 

It is important to note that the willow species that dominated asexual reproduction, S. 

sitchensis, only produced a small portion of the observed Salix spp. seedlings. During 2007 

all sites were flooded during S. sitchensis seed release, and in 2008, all areas except Penny 

and Camp Creek were flooded during seed release. As willow seeds often lack mechanisms 

for dormancy (Karrenberg et al. 2002), it is unlikely that observed seedlings were from 5*. 
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sitchensis seeds released during periods of flooding. Hence a majority of the seedlings 

observed must have come from willow species that flowered and released seeds later than S. 

sitchensis. 

3.3.2 Asexual Reproduction 

The observed variation in levels of beaver-browsed stems could have been the result 

of differing levels of beaver activity between sites; however, environmental factors could 

also explain this variation. Site variability in rooted and unrooted stem retention can be 

explained by topographical variation and similar examples were reported by Barsoum (2002), 

Rood et al. (2003), and Copper et al. (2005). Sites on the banks of large rivers had lower 

amounts of rooted stems than other sites. Bowron Bridge, had 46 (42% of total stems) rooted 

stems and 15 (24% of total browse) rooted stems in 2007 and 2008, respectively. Penny by 

Fraser had 0 and 37 (63% of total browse) rooted stems in 2007 and 2008 respectively. These 

sites had lower levels of total browse (Bowron Bridge 63 and 110 stems; Penny by Fraser 0 

and 59 stems) when compared to sites not on the banks of large rivers (Penny, Island Park, 

Camp). Bowron and Fraser are large rivers with swift currents which may have carried large 

amounts of beaver browse; however, it is unlikely browse would be deposited easily. Large, 

smooth, sandy beaches like Bowron Bridge and Penny by Fraser offered few microsites 

capable of capturing and retaining browse. Conversely, Camp Creek was a small stream 

flowing through a culvert, around numerous bends, and water depth was spatially and 

temporally variable (personal observation). Large exposed sections of beach were dominated 

by depressions, mounds, rocks, sparse vegetation, and mud. These areas offered the 

topographical variation needed to capture and retain beaver browse. For instance, Camp 

Creek had the highest number of rooted stems, 264 (65% of total stems) in 2008. Penny 

possessed mud beaches, abundant coarse woody debris, a winding stream, culverts, and the 
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topographical variation needed to retain browse. As a result this site possessed a large 

amount of rooted browse, 91 (66% of the total 139 stems) in 2008. Island Park, while situated 

on a large river (Nechako River), was a sandbar with the topographical variation needed to 

trap and retain browse. In Island Park, 136 (33% of the total 407 stems) rooted stems in 2007 

and 94 (51% of the total 184 stems) in 2008 were counted. Bowron River, also on the banks 

of a large river, had the lowest level of beaver browse; 24 stems in 2007 and 0 stems in 2008. 

This site also had the lowest amount of rooted stems, one stem was found in 2007 and no 

stems were found in 2008. The only exposed ground at Bowron River was a 4 m x 4 m 

square on the beaver lodge, the rest of the site was underwater or a very steep slope (50°) 

covered in grass, and willows. There were no areas for browsed sticks to become captured 

except the beaver lodge, and the only browsed stick found was constructed into the lodge by 

beavers. Other sites had sticks built into the lodge and dam as well, but they also had 

sandbars, beaches, exposed mud, or shorelines where browsed sticks were found. 

Variation in number and density of rooted and total stems can also be explained by 

hydrological conditions. Low water levels exposed more area for browse to be retained and 

slower currents with less water increased the probability of browse retention. May to August 

(when data was collected) 2008 was a period of low water levels at Camp Creek, compared 

to 2007 (personal observation). More rooted and total browse was counted and a higher 

density of sticks were found in the lower flow of 2008 compared to the higher flows in 2007 

(Table 7). The same trend was seen in Island Park, which experienced higher than normal 

flows when data was collected in 2008 (July to September; Water Survey of Canada Data), 

and had less browse (rooted and unrooted) and a lower stem density in 2008 than 2007 

(Table 7). Bowron Bridge experienced higher and longer flows in 2008 (Water Survey of 

Canada Data), which scoured the river bank clear of all vegetation and sticks. While fresh 
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browse was found late in 2008, almost none of 2007's browse survived (Table 7). This was 

also seen in Penny by Fraser as no browse was counted in 2007 as the site was underwater 

(personal observation; Water Survey of Canada Data). In 2008, when the water level was 

lower, a substantial amount of beaver browse was found. 

Variation in retention was due to climatic and hydrological events, topographical 

variation, and levels of exposed substrate. Bowron Bridge was an open sandy beach that lost 

its entire amount of beaver browse during high flow periods. Camp Creek and Island Park 

had the topographical variation needed to retain substantial levels of beaver browse during 

floods. The large amount of open mud and soil at Camp Creek and Island Park offered 

abundant ideal substrate for beaver-browsed twigs to become rooted. Bowron Bridge and 

Penny by Fraser had large amounts of optimal substrate; however, they lacked the 

topographical variation seen in Camp Creek and Island Park to retain browse during 

flooding. Regardless, ample optimal substrate and topographical variation; as well as low 

water levels and moderate climatic and hydrological events were the reasons behind 

substantial numbers of browse becoming, or remaining rooted at some sites. 

Quantification of beaver influence on the reproduction of S. alba showed that 12% of 

all translocated fragments were due to beaver browse (Barsoum 2002). At Bowron River, 

Bowron Bridge, Camp Creek and Penny by Fraser, beaver browse made up 100% of all 

translocated sticks found. Island Park and Penny had a small amount of twigs that were not 

the result of beaver browse. While the vast majority of stems originated from beaver browse, 

the exact number of non-browsed stems was not estimated for all sites. Barsoum (2002) also 

stated that the majority of P. nigra vegetative reproduction on sandbars was a result of beaver 

placement. Beaver induced vegetative reproduction in S. sitchensis was the dominant force 

on all microsites, not just sandbars. On the Drome River in France, 0.056 vegetative 
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propagules per m2 were observed by Barsoum (2002), which was within the range of 

densities observed in central British Columbia, and very close to the density observed at 

Island Park (0.068 stems per m2 in 2007 and 0.031 stems per m2 in 2008). Island Park and 

Barsoum's (2002) study sites were on floodplains and were similar in structure. While this 

study found similar densities of vegetative propagules as Barsoum (2002), 100% of the S. 

sitchensis vegetative propagules originated from beaver browse while only 12% of the 

propagules seen in Barsoum's (2002) study were a result of beaver activity. The disparity 

between Barsoum's (2002) findings and those shown in this study may be due to site 

variability and hydrological processes. Variation in S. sitchensis results exemplified the 

variation in beaver browse abundance between sites and years within a relatively limited 

region of central British Columbia. Differing levels of beaver activity, site topography, 

weather and hydrological events may have contributed to the differential impacts of beaver 

browse and seedling production among sites and years. Barsoum (2002) performed her study 

along the Drome River floodplain in south-eastern France. The Drome River received 

periodic violent rainstorms in autumn, and endured a dry period between July and August 

(Barsoum 2002). Island Park, and all of the sites in central British Columbia, were buried in 

snow from October to April, and then received an average of 128.6 mm of rain from April to 

July (Ministry of Environment Data). Barsoum (2002) also investigated the European beaver 

(Castor fiber Linnaeus), while this study looked at C. canadensis. The two species have 

shown differences in reproductive rates and dam construction (Nolet and Rosell 1998; Collen 

and Gibson 2001), potentially influencing beaver impacts on willow populations. The 

European Beaver was also hunted to near extinction in most of Europe and recent re-

introductions have allowed the population to rebound (Nolet and Rosell 1998). In British 

Columbia, on the other hand, beaver populations have never required reintroductions. The 
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sites studied in British Columbia were therefore likely to have a higher density of beavers 

than the Drome River. More beavers are expected to result in more beaver browse of willows 

which in turn would result in a greater impact on the asexual reproduction of willows. 

Jones et al. (2008) observed that 35% - 40% of beaver-felled willows in Scotland 

showed regrowth. The proportion of stems showing regrowth was variable by habitat (stream 

and lake) and year (Jones et al. 2008). In central British Columbia 0% to 51% of beaver 

felled S. sitchensis showed levels of regrowth. The data collected from this study combined 

with that of Jones et al. (2008) suggests that while regrowth from beaver felled stems varies, 

it occurs often enough to have significant impacts on willow populations. However, only 7% 

of excavated cottonwood saplings growing from branch fragments on the Elk River in British 

Columbia originated from beaver browse (Rood et al. 2003). This frequency is substantially 

lower than that seen S. sitchensis (100%o of fragments due to beaver browse) and this could 

be explained by a variation in climatic and site characteristics. The variation may also be 

explained by the fact that cottonwoods belong to a different genus in the Salicaceae family. 

However, it is important to note that Rood et al. (2003) measured a subtly different response 

variable - excavated, mature sapling - while this study examined recent translocated stem 

fragments. Rood et al's (2003) results may have represented a more advanced successional 

stage than the beaver browse seen in central British Columbia. It is possible that examination 

of recently translocated stem fragments may have over-estimated the impact beavers have on 

the asexual reproduction of riparian willows. Barsoum (2002) also examined recently 

translocated stem fragments exposed on the ground. Only 12% of translocated fragments 

were a result of beaver activity (Barsoum 2002), while nearly all S. sitchensis stems 

fragments were a result of beaver foraging. It is therefore possible that the large amounts of 

browsed S. sitchensis fragments will translate into high levels of saplings. 
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Asexual reproduction through branch fragments was observed among river reaches in 

British Columbia, Alberta, Saskatchewan, and Alberta (Rood et al. 2003). Eighteen reaches 

were observed to have sparse ( 1 - 1 0 branches) branch propagation, 17 reaches had no 

branch propagation, and in two reaches asexual reproduction via branch fragments 

commonly (over 10 branches) occurred (Rood et al. 2003). These results are difficult to 

compare to S. sitchensis results, because all of the S. sitchensis sites but one (Penny by Fraser 

2007) had 10 or more vegetative propagules. In fact, all but Penny 2007 had substantially 

more than 10 vegetative propagules per site. Differences between Rood et al. 's (2003) results 

and the results of this study may be due to differences in beaver population densities; beaver 

foraging activity; occurrence and intensity of floods; and topographical features at sites 

resulting in retention of vegetative propagules. It is unclear how many of Rood et al. 's (2003) 

vegetative propagules were a result of beaver forage; as such, detailed comparisons cannot be 

made to S. sitchensis. 

Cooper et al. (2005) also examined rooted beaver forage and concluded that beaver 

browse played no role in willow reproduction in Rocky Mountain National Park, Colorado. 

Rooted forage died over winter and none of their 189 sampled willows originated from 

beaver forage. However, Cooper et al. (2005) reported that few beaver dams were being 

built, as the population had declined substantially over the past 60 years. The impact of 

beaver on willow reproduction may have been minimal as foraging activity would be slight 

or non-existent. Historically rooted beaver browse may have been lost in floods and then 

never replaced by the dwindling beaver population. 

Beaver-induced asexual reproduction contributed more overwintering recruits than 

sexual reproduction (Figure 4). This may not be a precise measurement for S. sitchensis but 

more of a general measurement of all willow species, as seedling and vegetative propagule 
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identification was impossible for the majority of propagules. Regardless of identity, 

vegetative propagules may have certain advantages over sexual propagules, such as 

carbohydrate reserves, pre-formed root and shoot primordial, and possible pre-established 

links to water and nutrients via the parental plant (Schier and Campbell 1976). The only 

advantage that beaver-browsed stems would not have is a pre-established link to food and 

water. Theoretically, beaver translocated stems appear to be at an advantage over sexual 

propagules, and this study showed that asexual propagules outperformed sexual propagules. 

Higher survival rates in vegetative propagules when compared to sexual propagules have 

been reported by Cottrell (1995), and Barsoum (2002). High performance may be due not 

only to pre-existing advantages but to beaver placement of browsed twigs. 

Beaver-browsed fragments were not distributed evenly along rivers and streams. On 

all sites, large amounts of beaver browse was found in piles near the water edge where 

beavers had abandoned them. At Camp Creek, several piles numbering up to 70 stems were 

found. Cottrell (1995) observed similar concentrations of stems near the edges of beaver 

occupied ponds. It is unclear what the purpose of these temporary food caches were, and 

piles consisted of small diameter branches and stems, removed from one or several 

neighbouring plants. Beavers may have collected these sticks into small piles so they could 

return at a later time to consume, process (remove branches and bark), or transport them to 

the lodge or a more permanent food cache. Regardless of function, all temporary caches had 

one feature in common, location. Caches were located slightly above the water level at the 

time of data collection, and on exposed muddy surfaces. Placement may be due to avoidance 

of predators by beavers, as processing the sticks near water offered quick access to the water 

in case of predator activity. The open muddy surface was always devoid of grasses and 

established riparian vegetation, thus competition was non-existent. Placement on this 
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microsite would promote rooting of harvested stems and may have resulted in an increase of 

asexual reproduction. Seeds, as they are wind-dispersed, would be evenly distributed 

throughout the study site, with no preference given to sub-sites that would promote 

germination and survival. Beavers, however, actively placed cuttings on this microsite which 

concentrated asexual propagules in an area which promoted root development and survival. 

Other microhabitats open primarily to asexually reproducing beaver browse were beaver 

lodges and dams. These constructs were made out of large and small branches placed 

together and covered in mud. While some sticks were submerged, others were out of the 

water, and numerous rooted twigs were found on beaver constructs, as well as a smaller 

number of seedlings. While seeds would be spread evenly over the site with no preference 

given to this particular microsite, beavers were again actively placing sticks onto microsites 

that promoted growth. Cooper et al. (2005) also observed a high density of willows on beaver 

constructs. 

Stems resulting from beaver browse were better able to survive flood and ice sourcing 

than seedlings, which were thin, fragile and easily damaged. Conversely, asexual propagules 

were sections of mature stems and branches and as such were stronger and more resistant to 

damage. Vegetative recruits were heavier than seedlings (Barsoum 2002) and this helped 

anchor vegetative propagules within a site. Lighter sexual propagules (average weight 0.436 

g to 1.4g; Barsoum 2002) would not be well anchored, and the low weight implies that the 

propagule was fragile. Retention within a site was also more likely as vegetative propagules 

were long sticks which are more likely to become trapped in other vegetation than the small, 

flexible and fragile seedlings. The study on S. sitchensis showed that willow stems could 

survive overwinter and become rooted the following summer regardless of establishment the 

previous year. Asexual propagules torn from the ground and relocated could survive and 
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continue to grow the following year as they can survive being buried and are not dependent 

on specific microsites for survival (reviewed in Barsoum 2002). Seedlings, however, could 

not as they were unable to survive the damage caused by relocation during ice and flood 

scouring (Karrenberg et al. 2002). Barsoum (2002) also observed poor seedlings survival 

after severe climatic and hydrological events. Over time poor seedling survival may lead to a 

shift towards vegetative regeneration strategies. These finding was mirrored in this study, as 

Salix spp. seedling survival was poor in comparison to vegetative propagules. 

Recruitment of browse was flood-dependent, as shown by Bowron Bridge and Penny 

by Fraser. During data collection in 2008, the Bowron River had higher flows than in 2007, 

while in 2008 the Fraser River had lower flows than in 2007 (Water Survey of Canada Data). 

High flows scoured Bowron Bridge site clean of all beaver browse and all but a few 

seedlings. Low flows at Penny by Fraser in 2008 (Water Survey of Canada Data), resulted in 

large amounts of browse and seedling establishment. In 2007 this site was not even 

accessible as it was under water. This exemplifies the sporadic nature of riparian habitats; in 

years of high flows, seedlings and vegetative propagules may be removed, resulting in 

limited reproduction. Beaver browse may be a manner in which reproduction can be 

achieved, even during high flow events. Barsoum (2002) and Rood et al. (2003) showed that 

branch propagation was more abundant following high flow events. Greater frequency and 

high survival rates suggest that when water levels drop, beaver propagules will establish and 

grow wherever they were deposited. However, disturbances appear to be necessary to 

maintain sexual, as well as asexual reproduction (Cooper et al. 2005; Douhovnikoff et al. 

2005; Gage and Cooper 2005). 

As the sexual reproduction of 5*. sitchensis was limited and high levels of beaver-

mediated asexual reproduction were observed; beaver-mediated asexual reproduction may be 
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an important factor in the reproduction of S. sitchensis. The apparent use of only one 

reproductive strategy by S. sitchensis should be considered carefully. Other studies have 

reported asexual dominance in the field (Cottrell 1995; Barsoum 2002; Stamati et al. 2007) 

while genetic studies suggested that sexual reproduction dominated (Stamati et al. 2007). 

Stamati et al. (2007) believed this may be due to continuous low levels of sexual 

reproduction, or sporadic bursts of sexual reproduction coinciding with optimal conditions 

for survival. More long-term studies are needed before reproduction in this willow is fully 

understood. 

This study showed that large proportions of beaver browse survived high flow events 

and winter to become or remain rooted. This study did not consider the fate of browse that 

was lost from the site, and some, if not the majority may have survived to become rooted 

elsewhere. Not only did beaver-browsed twigs have higher survival than seedlings within a 

site (Figure 4), but lost twigs may have induced colonization or immigration at other sites. 

Beavers may support population growth and sustainability within a site, as well as induce 

colonization and increase gene flow between populations. 

Willows respond to browse, especially beaver browse, by growing larger 

(compensatory growth), increasing basal area and diameter, as well as producing more stems 

(Kindschy 1985; Donkor and Fryxell 1999; Veraart et al. 2006; Jones et al. 2008). Perhaps 

co-evolution occurred between beavers and willows that resulted in the willow response to 

browse. Willows that responded to browse by producing more stems would have spread more 

than those that did not, as beavers would have spread more of these individuals. When 

beavers browsed willows they moved sections of stem to new locations and the population 

grew and spread in this manner. Douglas (1989), Gom and Rood (1999), and Karrenberg et 

al. (2002) suggested that fragmented branches could travel great distances, perhaps spreading 
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willows across the landscape. Barrat-Segretain (1996) hypothesized that floods could uproot 

and remove aquatic plants and bring them to new habitats where they may initiate 

colonization. This principle can also be applied to beaver-browsed stems. Beavers relocating 

willow stems would favour willows that produced more stems when browsed. Beavers may 

have actively moved stems within and between sites, as well as passively by introducing 

them into water systems. Willows moved both passively and actively would have a large 

capacity to reproduce within a site and colonize new areas. Individuals that produced more 

stems to be browsed would have an even larger reproductive potential as more stems would 

be spread and not consumed. More stems on a tree may have induced beavers to place them 

into piles along the river bank as they could not process or consume them all at one time. 

This would increase the probability that some sticks would spread as they would be washed 

downstream when water levels rise. Large amounts of asexual reproduction being initiated in 

this manner would result in large clones close to the river. This pattern was seen in 

cottonwoods by Gom and Rood (1999); however, it is unknown if this asexual reproduction 

was a result of beaver activity. 

While willows may gain a large reproductive potential, beavers gain a larger and 

more consistent food source. Beavers that forage in a way that introduce willows into the 

water system, and abandon browse within a site increase their long-term food supply. In this 

study, this method of foraging was seen in the abandoned browse piles. Abandonment near 

the stream increases the chance that forage will enter the water system and spread both 

passively and actively. More reproduction within and between sites, as well as higher growth 

rates, and increased stem production when browsed, may result in beavers obtaining 

substantial forage within a home range and along local water systems. It is possible that 

beavers and willows may have evolved together resulting in increased willow reproduction 
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and colonization. Copper et al. (2005) suggested that declines in beaver populations may be 

due to declining numbers of tall willows. This would be expected if beavers have evolved to 

rely on willows, or similar riparian vegetation. 

Douhovnikoff et al. (2005) hypothesized that, due to high levels of annual seedling 

mortality (100% in their study), sexual reproduction was insufficient to explain willow 

success. Cottrell (1995) suggested that stem fragments from beaver activity initiated asexual 

colonization and resulted in the observed dominance of S. planifolia in mire habitat. These 

statements are supported by findings in this study, that showed asexual reproduction, 

especially beaver-mediated asexual reproduction, was dominant in S. sitchensis reproduction. 

While it is possible to extrapolate these findings to other willow species, caution is 

recommended. Beaver browse was not seen to impact other willow species, and more 

information is required before the beaver's impact on riparian vegetation is understood. 

3.4 Conclusion 

Barsoum (2002) and Rood et al (2003) observed that large proportions of severed 

willow, poplar, and cottonwood stems induced significant amounts of asexual reproduction 

along water systems. While they found small amounts of asexual reproduction due to beaver 

browse, this study showed that the beaver-mediated asexual reproductive potential was large 

within and between sites for S. sitchensis. Large amounts of beaver browse became rooted 

each year and remained rooted for at least one year. Very few sexual recruits survived over 

winter, thus S. sitchensis was either reproducing asexually or not at all during the two years 

of this study. However, the long-term fate of these recruits needs to be monitored over 

numerous years, until propagules reach maturity. 
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Chapter 4: Population Genetic Structure and Genetic Diversity of the Common 

Riparian Willow Salix sitchensis 

4.1 Introduction 

The advent of molecular methods to analyze genetic relationships has allowed plant 

life history traits to be studied in great detail. These methods have allowed for the assessment 

of genetic diversity, gene flow, mating systems, population genetic structure, as well as the 

identification of species, hybrids and clones (Barker et al. 1999; Rottenberg et al. 1999; 

Imbert and Lefevre 2003; Palme et al. 2003; Reisch et al. 2007). Population genetic 

differentiation and diversity can be influenced by levels of pollen dispersal. Pollen transport 

between plants can occur by wind or animal (often insect) vectors. Wind-pollinated species 

will in theory have a higher genetic diversity and lower population differentiation than insect-

pollinated species, as wind-dispersed pollen can travel great distances (Dow and Ashley 

1998; Sato et al. 2006). Insect-pollinated species are expected to have a lower genetic 

diversity and higher population differentiation as insects will spread pollen over shorter 

distances (Govindaraju 1988). Govindaraju (1988) showed that wind pollination resulted in 

levels of gene flow 2.41 times higher than animal pollination. High levels of gene flow via 

pollen will lower population differentiation as plants from different populations can mate 

with one another. 

Pollen transfer is only one facet of gene flow, seed dispersal and survival can also 

impact gene flow and population differentiation. Limited seed dispersal can result in genetic 

differentiation between geographically close populations (reviewed in Hamrick et al. 1993; 

Imbert and Lefevre 2003; Hardesty et al. 2005). Variation in genetic structure between 

tropical trees has been attributed to population density, which in turn effects the level of seed 

dispersal (Hamrick et al. 1993). Provan et al. (2008) saw high levels of genetic 
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differentiation as well as low levels of gene flow and concluded that poor seed dispersion and 

seedling survival was the cause of this trend. Poor seedling survival would reduce gene flow 

mediated by pollen and seeds, as none of the imported alleles would survive to reproduce. 

Weak or absent genetic structure between populations has been correlated to high levels of 

seed and pollen dispersal between plots (Hardesty et al. 2005; Sato et al. 2006). Widespread 

seed dispersal may eliminate population genetic structure even if pollen dispersal is limited 

(reviewed in Hardesty et al. 2005). 

The relative proportions of sexual and asexual reproduction in plants capable of both 

will influence gene flow, multi locus genotypic diversity, and population genetic 

differentiation (reviewed in Dorken and Eckert 2001; Eckert 2002; Eckert et al. 2003). 

Sexual reproduction is expected to create or maintain genotypic diversity, while high levels 

of clonal reproduction can produce populations with low genotypic diversity (Silander 1985), 

genetic patchiness (Eckert 2000), and reduced gene flow between populations (Ashton and 

Mitchell 1989; Starfinger and Stocklin 1996). The low genotypic diversity caused by clonal 

reproduction conserves an optimal pool of genes that are well adapted to a stable 

environment. On the other hand, in a variable habitat this strategy may result in individuals 

not possessing the genotypic diversity needed to survive. However, expected differences in 

genotypic diversity between reproductive strategies have not been consistently observed 

(Ellstrand and Roose 1987; Dorken and Eckert 1999; Eckert 2002; reviewed in Eckert et al. 

2003). Intraspecific variation in genotypic diversity may be due to ecological factors that 

alter the relative proportions of sexual and asexual reproduction (Eckert et al. 2003). 

The two genera of Salicaceae, Salix and Populus are capable of both sexual and 

asexual reproduction (Winfield et al. 1998; Douhovnikoff et al. 2005). Studies have 

quantified that a substantial amount of genetic variation exists within Salix species 
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(Brunsfeld et al. 1991; Lian et al. 2003; Palme et al. 2003); however the level of variation 

was influenced by geographic range, latitude, habitat features, population size, immigration 

and historical phenomena (Brunsfeld et al. 1991; Palme et al. 2003). Despite the above 

mentioned factors, the majority of willow and poplar genetic diversity has been found within, 

not between populations (Brunsfeld et al. 1991; Imbert and Lefevre 2003; Palme et al. 2003). 

Genetic methods have also been used to identify clonal individuals, clone size and spatial 

distribution, as well as the level of asexual reproduction that has occurred in Salicaceae 

populations (Rottenberg et al. 1999; Rottenberg et al. 2000; Rahman and Rajora 2002; 

Douhovnikoff et al. 2005; Reisch et al. 2007; Ueno et al. 2007). Genetic variation between 

willow species has successfully been used to identify species and hybrids when 

morphological traits were unclear (Barker et al. 1999; Hardig et al. 2000). 

Gene flow and genetic differentiation between populations have also been analyzed 

using genetic methods. P. nigra was seen to have strong genetic differentiation between 

populations, and while gene flow occurred between populations; the high genetic 

differentiation (regardless of distance) suggested that gene flow was mediated by pollen and 

not seeds (Imbert and Lefevre 2003). Lian et al. (2003) found strong patch differentiation in 

populations of S. reinii in recently colonized volcanic habitat, as genets and haplotypes were 

often restricted to a single patch. Other willow species have shown decreasing genetic 

diversity and increasing differentiation the farther south willows were sampled (Brunsfeld et 

al. 1991). However, not all willows exhibited population differentiation as a study on S. 

caprea chloroplast DNA found no population structure or genetic differentiation (Palme et al. 

2003). Proportions of sexual and asexual reproduction have also been observed to vary 

between Salicaceae species. Some species appeared to utilize a mixed reproductive strategy 

(Arens et al. 1998; Reich et al. 2003; Lian et al. 2003), while others appeared to be 
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reproducing primarily sexually (Stamati et al. 2002; Ueno et al. 2007). Low genetic and 

genotypic diversity of Salix and Populus spp. suggested that isolated, unisexual populations 

were reproducing primarily asexually (Winfield 1998; Rottenberg et al. 1999; Rottenberg et 

al. 2000). However, moderate to high levels of clonal diversity and heterozygosity have been 

found in clonally propagated plantations and natural populations (Arvanopoulos and Zsuffa 

1998; Arvanopoulos et al. 1999; Barker et al. 1999; Reisch et al. 2003). 

Riparian habitat in central British Columbia Canada is often dominated by S. 

sitchensis. The reproductive strategy, genetic diversity, levels of gene flow and genetic 

differentiation between populations are unknown for this species. This study will assess the 

genetic as well as genotypic diversity, presence or absence of linkage disequilibrium, and 

clonal reproduction in S. sitchensis. Gene flow, isolation by distance as well as genetic 

differentiation between populations will also be determined. 

4.2Methods 

4.2.1 Species and Study Sites 

Salix sitchensis was previously described in sections 1.0 and 2.2.1. This study 

examined five sites (Island Park, Camp Creek, Penny, Bowron Bridge, and Bowron River) 

which were previously described in sections 2.2.2 and 3.2.1. 

4.2.2 Sampling Strategy 

Several (15 - 20) leaves were collected from each of 95 and 49 randomly selected 

individuals at Camp Creek and Penny, respectively. Sampling at Camp Creek and Penny 

accounted for approximately 50% and 25% of the populations, respectively. In Island Park 

ten, 5 m by 5 m plots were established west to east along the island. Plots started near the 

south eastern corner of the island and a new plot was placed every 25 m upstream. On the 

southern side of the island, four plots were established. An additional line of plots was 
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established five m north (towards the middle of the island) of the first line of plots, and only 

three were possible in the middle of the island. Another line of plots were established 5 m to 

the north of the center plots, and three plots were placed on the far northern side of Island 

Park. As water levels were very low (late September and early October), a band of willows 

further south than the south shore plots was available to be sampled and a 190 m transect was 

established. A total of 91 willows were sampled at Island Park, and samples were taken 

randomly from all plots and transects. Approximately 2.5% - 5% of the S. sitchensis 

population at Island Park was sampled. Bowron River and Bowron Bridge were small sites 

with small populations of willows. These populations formed a thin band of willows and one 

willow was sampled every 10 meters for 160 m (16 willows and ~ 60% of the population) at 

Bowron Bridge and 200 m (20 willows and ~ 75% of the population) at Bowron River. In all 

sites beaver cuttings with leaves were sampled as well as the willows that they were near. 

Sampling occurred in 2008 between May and October, and samples were stored in a -20°C 

freezer until extraction. 

4.2.3 Extractions 

Extraction from frozen leaf material was carried out with the QIAGEN DNeasy Plant 

Mini Kit. Extraction protocol was the unmodified kit instructions, and DNA was stored at -

80°C until analysis. 

4.2.4 Microsatellites Marks and PCR Procedure 

Five microsatellite primers identified from an enriched library of S. burjatica, that 

had previously shown polymorphism in S. sitchensis were selected from Barker et al. (2003). 

Primers SB24, SB80, SB85, SB199, and SB201 were used in this study. The polymerase 

chain reaction (PCR) procedure was: 5ng DNA, 25ng forward primer, 25ng reverse primer, 

200 urn of each dNTP, 0.5 units of Taq DNA polymerase, 20 um 10X buffer, 1.5mM MgCl2 
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(Reagents from QIAGEN). Total reaction volume was 12.5 ul Thermocycler conditions 

were: 94°C/2min; 35 cycles of: 94°C/40s, 54°C/lmin, 72°C/2min. Followed by: 72°C/20min 

(Barker et al. 2003). Samples were run on a Beckman-Coulter CEQ800 to determine 

fragment/allele size. 

4.2.5 Data Analysis 

Data was analyzed with GenClone 2.0 to determine the presence or absence of clones. 

Arlequin 2.0 was used to calculate genetic and allelic diversity, pair wise Fst and Rst values, 

the average level of gene flow between populations (Nm values), analysis of molecular 

variance (AMOVA), and isolation by distance using a Mantel's test. Null allele frequency 

was calculated by INEst 1.0 (Chybicki and Burczky 2009), a program designed specifically 

to deal with inbreeding and null alleles. Terrestrial distances between sites were calculated 

using the internet based freeware Google Earth. 
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4.3 Results 

4.3.1 Gene and Genotypic Diversity 

Table 9: Summary of Wright's inbreeding statistaic (Fis), number of alleles per locus, observed (Ho) and 
expected (HE)heterozygosity, Hardy Weinberg Equilibrium (HWE) and null allele frequency by site and 
loci for this study during 2008. 

Site 
Bowron 

River 

Bowron 
Bridge 

Camp 

Penny 

Island Park 

Allele 
Richness 

3.94 +/-2.03 

2.82+/-1.52 

3.55+/-1.81 

2.87+/-1.52 

3.91 +/-1.97 

Locus 

SB24 
SB85 
SB80 

SB201 
SB199 

Average 

SB24 
SB85 
SB80 

SB201 
SB199 

Average 

SB24 
SB85 
SB80 

SB201 
SB199 

Average 

SB24 
SB85 
SB80 

SB201 
SB199 

Average 

SB24 
SB85 
SB80 

SB201 
SB199 

Average 

Allele # 

12 
5 
10 
10 
15 

10.4 

15 
3 
8 
10 
11 
9.4 

18 
2 
10 
16 
16 

12.4 

20 
7 
13 
11 
14 

13.0 

18 
5 
12 
14 
17 

13.2 

Ho 

0.625 
0.250 
0.625 
0.688 
0.813 
0.600 

0.650 
0.050 
0.500 
0.600 
0.600 
0.480 

0.705 
0.095 
0.663 
0.716 
0.684 
0.573 

0.816 
0.163 
0.449 
0.633 
0.755 
0.563 

0.769 
0.099 
0.462 
0.670 
0.725 
0.545 

He 

0.929 
0.510 
0.764 
0.804 
0.935 
0.789 

0.904 
0.229 
0.801 
0.885 
0.888 
0.742 

0.925 
0.146 
0.813 
0.911 
0.919 
0.743 

0.932 
0.361 
0.765 
0.86 

0.898 
0.763 

0.927 
0.536 
0.861 
0.856 
0.902 
0.816 

F i s 

0.328*** 
0.510 
0.182** 
0.145 
0.131*** 
0.108*** 

0.281*** 
0.782** 
0.376 
0.322 
0.325 
0.284*** 

0.238*** 
0.352** 
0.184*** 
0.215*** 
0.256*** 
0.203*** 

0.124*** 
0.548*** 
0.413*** 
0.264** 
0.159*** 
0.104*** 

0.170* 
0.816*** 
0.464*** 
0.217 
0.196*** 
0.170*** 

Null Allele 
Frequency 

0.091 
0.146 
0.003 
0.000 
0.001 
0.048 

0.000 
0.027 
0.000 
0.000 
0.000 
0.005 

0.007 
0.000 
0.000 
0.000 
0.009 
0.003 

0.000 
0.124 
0.125 
0.000 
0.010 
0.052 

0.000 
0.220 
0.135 
0.000 
0.002 
0.071 
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All loci examined in this study were polymorphic and possessed a high number and 

richness of alleles (Table 9). Site averages produced similar values for observed and expected 

heterozygosity, and between sites loci also provided very similar heterozygosity measures. 

The majority of the observed variation was between loci within a population. This trend was 

a result of the inherent levels of polymorphism detectable by each microsatellite marker. For 

all loci and sites, observed heterozygosity was lower than expected heterozygosity. 

Analysis of multilocus genotypes with the program Genclone 2.0 determined that 

each of the 271 samples possessed a unique multilocus genotype. Hence, no clones were 

found within a population, and no multilocus genotypes were found in more than one 

populations. 

4.3.2 Deviations from Hardy Weinberg Equilibrium 

The presence of null alleles, alleles that do not anneal properly with the microsatellite 

primers and amplify, could alter the manner in which genetic data is interpreted. Missing data 

could be a result of an individual being homozygous for a null allele, and homozygotes could 

actually be heterozygotes composed of a normally amplifying allele and a null allele. High 

frequencies of null alleles could result in an underestimation of observed heterozygosity, and 

inaccurate calculations of Wrights inbreeding statistic (F;s; Chybicki and Burczky 2009). If 

null alleles were biasing the estimation of heterozygotes in S. sitchensis data, then high null 

allele frequencies would be associated with high FjS values (Table 9). Site averages for Fjs 

and null allele frequency were variable but both values were low, which suggested that null 

allele frequencies were not greatly biasing F;s values. There was no correlation between high 

F;s values at individual loci and high null allele frequencies (NAF). Significant F;s values 

were also associated with estimated null allele frequencies close to zero. The variation in null 
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allele frequencies impact on F;s values, as well as the low site averages for F;s and NAF 

values suggested that while null alleles were impacting heterozygosity measures, they were 

not the sole, nor the dominant factor resulting in low observed heterozygosity. 

The only population with more than one locus in Hardy Weinberg equilibrium 

(HWE) was Bowron River, and three (SB80, SB201, and SB 199) of the five loci were in 

HWE. Sixteen willows were sampled from Bowron River and such a small sample size may 

have reduced the ability to reject the null hypothesis that populations were in HWE. The 

presence of linkage disequilibrium was also variable between sites (Figure 5). Two 

populations (Bowron River and Penny) had no loci in linkage disequilibrium, while Bowron 

Bridge had two pairs, Island Park had four, Camp had seven, and all individuals combined 

into a single population had four. 

Bowron Bridge Bowron River 

SB24 SB85 SB80 SB201 SB199 SB24 SB85 SB80 SB201 SB199 
SB24 SB24 
SB85 + SB85 
SB80 - - SB80 
SB201 - - - SB201 
SB199 + - - - SB199 -
Camp Island Park 

SB24 SB85 SB80 SB201 SB199 SB24 SB85 SB80 SB201 SB199 
SB24 SB24 
SB85 - SB85 
SB80 + + SB80 - + 
SB201 + + + SB201 - - + 
SB199 - - + + SB199 + - + 
Penny All Populations 

SB24 SB85 SB80 SB201 SB199 SB24 SB85 SB80 SB201 SB199 
SB24 SB24 
SB85 - SB85 + 
SB80 - - SB80 + 
SB201 - - - SB201 - + + 
SB199 - - - - SB199 -

Figure 5: Examination of linkage disequilibrium between loci for individual populations and all 
populations combined into a single population. Linkage disequilibrium found at the 0.05 level is indicated 
by a + and absence of linkage disequilibrium is indicated by a -. 
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4.3.3 Population Differentiation 

Pairwise Fst values were significant for eight out often population pairs and Rst 

values were significant for six out often population pairs (Table 10). Differentiation values, 

as well as significance levels were different for Fst and Rst analysis; however all population 

pairs had low Fst and Rst values. Fst values ranged from 0.016 to 0.038 and Rst values 

ranged from 0.018 to 0.074. The average Fst and Rst differentiation was 0.042 and 0.049 

respectively. Gene flow was variable but present between all sites, regardless of distance 

(Tables 11 and 12). Isolation by distance was not significant which implied that distance 

between populations (shortest distance or waterway distance Tables 12 and 13) did not 

significantly impact genetic differentiation. This data suggested that a large amount of gene 

flow occurred between populations every generation, which was seen in Table 11. 

Table 10: Pairwise Fst and Rst values between populations. Rst values are in parenthesis. *= significant 
at 0.05. ** = significant at .01 and *** = significant at .001. 

Bowron Bridge Bowron River Camp Island Park 

Bowron Bridge 
Bowron River 0.017 (0.022) 

Camp 0.016* (0.052***) 0.020* (0.050*) 
Island Park 0.032* (0.018) 0.017(0.036) 0.038* (0.061***) 

Penny 0.032* (0.041*) 0.024* (0.074*) 0.018* (0.008) 0.035* (0.062***) 

Fst values assumed the stepwise mutational model. 

Rst values assumed the infinite allele model. 
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Table 11: Nm or average level of gene flow between populations per generation based on Fst and Rst 
values. Values based on Rst are in parenthesis. 

Bowron Bridge Bowron River Camp Island Park 

Bowron Bridge 

Bowron River 28.80(22.70) 

Camp 30.00(9.17) 25.10(9.70) 

Island Park 15.21(27.96) 28.20(13.54) 12.82(7.72) 

Penny 15.27(11.70) 20.41 (6.29) 27.19(60.96) 13.59(7.62) 

Table f 2: Shortest distance and distance along waterways, in kilometers (km), between sites. Waterway 
distances are in parenthesis. 

Bowron River 
Camp 

Island Park 
Penny 

Bowron Bridge 

12.74(19.63) 
14.74 (22.54) 

72.06(141.12) 

41.60(73.09) 

Bowron River 

2.86(2.91) 
58.66(160.57) 
51.83(92.72) 

Camp 

57.09(163.57) 

54.53 (95.63) 

Island Park 

106.81 (214.21) 

Table f3: Analysis of isolation by distance using a Mantel test to determine the correlation between 
Slatkin's linear fst values (fst/(l-fst)) and distance between sites as well as along waterways. 

Correlation 
Mantel Test Coefficient P value 

Shortest Distance -0.011315 0.56 

Distance Along Waterway 0.004447 0.53 

Only 2% - 3% of the genetic variation present in this study was between populations, 

the rest of the variation was within populations (Tables 14 and 15). Fst estimates determined 

that 28% of the genetic variation was between individuals while 70% was within individuals. 

Rst values, on the other hand, determined that 91% of the genetic variation was between 

individuals while 7% was within individuals (Tables 14 and 15). The majority of genetic 

variation was within populations or individuals, not between populations. 
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Table 14: Analysis of molecular variance (AMOVA). *= significant at 0.05. ** = significant at .01 and *** 
= significant at .001. Based on Fst values. 

Source of Variation 
Between Pops 

Between 
Individuals 

Within Individuals 
Total 

d.f. 
4 

266 
271 
541 

Sum of squares 
30.469 

661.955 
377 

1069.424 

MS 
7.617 

2.489 
1.391 

% of Variations 
3 

28 
70 
100 

P Value 
o.or* 

o.or* 
o.or* 

Table 15: Analysis of molecular variance (AMOVA). *= significant at 0.05. ** = significant at .01 and *** 
= significant at .001. Based on Rst values. 

Source of Variation 
Between Pops 

Between 
Individuals 

Within individuals 
Total 

d.f. 
4 

266 
271 
541 

Sum of squares 
59471.631 

1860084.699 
65901.5 

1985457.83 

MS 
14867.91 

6992.8 
243.179 

% of Variations 
2 

91 
7 

100 

P Value 
0.02* 

0.01** 
0.01** 

4.4 Discussion 

4.4.1 Gene and Genotypic Diversity 

A high level of genotypic diversity was observed, as all individuals had a unique 

multilocus genotype, and no genetic structure or differentiation between populations was 

found. These results suggest that S. sitchensis was reproducing primarily sexually. Other 

species of Salicaceae also appear to reproduce primarily by sexual means (Stamati et al. 

2007; Ueno et al. 2007) and possess high levels of genotypic and/or genetic diversity (Imbert 

and Lefevre 2003; Stamati et al. 2007). Conversely, other species of Salicaceae have 

exhibited low genetic and/or genotypic diversity (Brunsfeld et al. 1991; Arens et al. 1998; 

Winfield et al. 1998; Rottenberg et al. 1999; Rottenberg et al. 2000; Lian et al. 2003; 

Douhovnikoff et al. 2005), clones and a mixed reproductive strategy (Douhovnikoff et al. 

2005; Reisch et al. 2007), or populations dominated by asexual reproduction (Arens et al. 

1998; Winfield et al. 1998; Rottenberg et al. 1999; Rottenberg et al. 2000). Physiological 
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differences between species may have resulted in differences in reproductive strategy and 

thus different levels of genetic and genotypic variation as well as different genetic structure. 

One such variable, pollination strategy, may have impacted genetic structure. Wind-

pollinated species are expected to have a higher genetic diversity and lower population 

differentiation than insect-pollinated species, as wind-dispersed pollen can travel great 

distances (Dow and Ashley 1998; Sato et al. 2006). Salix sitchensis appears to be wind and 

insect-pollinated, with a higher proportion of wind pollination (Chapter 2). This may explain 

the high levels of genetic variation seen in S. sitchensis. Other willow species pollinated by a 

mixture of wind and insect vectors have also showed high genetic diversity and high levels of 

sexual reproduction (Stamati et al. 2007; Ueno et al. 2007). Like S. sitchensis, Populus spp. 

are wind pollinated; however, unlike S. sitchensis, clonal reproduction, as well as high and 

low levels of genetic diversity have been reported for Populus (Arens et al. 1998; Winfield et 

al. 1998; Rottenberg et al. 1999; Rottenberg et al. 2000; Imbert and Lefevre 2003). Seed 

dispersal and survival can also affect genetic diversity; however, this idea is explained more 

in Section 4.4.3: Genetic Differentiation and Chapter 5. 

Genetic variance, as estimated by the AMOVAs, was primarily within, not between 

populations, and this trend was also observed in P. nigra (Imbert and Lefevre 2003). Both 

species are riparian, can reproduce sexually and asexually, and are pollinated by and disperse 

seeds by wind. Similar life history traits may therefore result in similar patterns of genetic 

diversity. Variations in genetic and genotypic diversity may have been environmental in 

nature. Salix sitchensis is a riparian willow and riparian habitat is characterized by dynamic 

and harsh conditions. However, alpine/arctic habitats experience greater extremes in 

temperature and do not have the benefit of floods opening up habitat for colonization and 

transporting genetic material between sites. The harsh climate and extreme weather of arctic 
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habitats may have negatively influenced wind and insect vectored pollen, reducing sexual 

reproduction and genetic/genotypic diversity when compared to riparian habitats. Differences 

between arctic and riparian habitat were unclear as P. nigra is a riparian poplar; however, 

high and low levels of genetic and genotypic diversity have been observed in this species 

(Arens et al. 1998; Winfield et al. 1998; Imbert and Lefevre 2003). Some species of 

Salicaceae showed sexual reproduction and high genotypic diversity in riparian habitat (Ueno 

et al. 2007), while other riparian species showed low levels of genetic and/or genotypic 

diversity and asexual reproduction (Brunsfeld et al. 1991; Rottenberg et al. 1999; Rottenberg 

et al. 2000). Arctic species can be sexually reproducing with large amounts of genotypic 

diversity (Stamati et al. 2007), or asexually reproducing with low genetic or genotypic 

diversity (Dorken and Eckert 2001). 

Sexual reproduction dominated within a site, but asexual propagules may have played 

a role in immigration or colonization. However, few studies of Salicaceae have reported 

asexual reproduction initiating colonization. In populations of P. nigra, vegetative 

reproduction dominated within sites, while sexual reproduction initiated colonization (Arens 

et al. 1998). Other species have shown a mixed reproductive strategy within a site, while 

sexual reproduction was responsible for colonization (Lian et al. 2003). As in this study, 

Arens et al. (1999) could not determine the impact of migration or colonization of 

translocated stem fragments as no vegetative propagation was seen between sites. However, 

numerous beaver-browsed willow fragments were scattered throughout sites in central British 

Columbia. If any of these mobile vegetative propagules came from unsampled areas 

upstream, it would be impossible to determine the reproductive origin of this individual. 

However, this is merely speculation, and as no clones were found within or between sites, it 

appeared as if large numbers of asexual propagules were not transferred between sites. 
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High genotypic diversity in the absence of field observations of sexual reproduction 

(Chapter 3) may be due to several factors. A gradual accumulation of a small number of 

sexual propagules or a year of good seed production coinciding with optimal conditions for 

seedling survival may lead to high genotypic diversity. If individual plants lived for a long 

time then one or both of these processes could have been responsible for high genotypic 

diversity in the absence of observable sexual reproduction (Stamati et al. 2007). Species 

distribution and abundance may also influence genetic differentiation and diversity. Based on 

the low genetic differentiation, high levels of gene flow, and non-significant isolation by 

distance, S. sitchensis appears to be a large continuous, interbreeding population along the 

sampled watersheds in this region. Other species consist of several isolated populations and 

these populations exhibit the low genotypic and genetic diversity that inbreeding, asexual 

reproduction, and genetic drift would create (Rottenberg et al. 1999). 

4.4.2 Deviations from Hardy Weinberg Equilibrium 

The observed deficiency of heterozygotes (Table 9) may be an artifact of mistakenly 

assuming and sampling numerous subpopulations as if they were one large randomly mating 

population (Wahlund effect; Wahlund 1928). Salix sitchensis was pollinated by both wind 

and insect vectors (Chapter 2), and seed dispersal appeared to have occurred primarily by 

wind (personal observation). No barriers existed within sites which could have impeded 

pollen or seed spread and created subpopulations. Population substructure may be temporal 

not spatial, perhaps due to animal foraging. Within a site, all willows did not flower every 

year, and those that flowered one year did not necessarily flower the next. Plants heavily 

browsed by beavers and to a lesser extent by moose (Alces alces Clinton), did not flower or 

produce pollen and seeds. Every site exhibited a high level of beaver activity, as numerous 

plants were heavily browsed. Flower production requires substantial resources, and 
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populations stressed by mammalian grazing have been observed to reduce flower production 

(Kerley et al. 1993; reviewed in Anderson 1994). This browse may have created a temporal 

population substructure which was unknown during sampling. Unbrowsed plants that 

flowered one year may randomly mate within their cohort during that year, and this cohort 

would be in HWE. After a period of time, depending on beaver activity, that cohort may 

become heavily browsed while another recovers from browse. When the second cohort 

flowers and sexually reproduces, they will be randomly mating within their cohort and be in 

HWE. Mating would be impossible between cohorts as they do not flower during the same 

period of time. As sampling was not conducted according to this temporal rotation of sexual 

reproduction, the results exhibited the Wahlund effect. 

Translocated beaver cuttings were not found to have a multilocus genotype that 

matched any of the sampled individuals. This suggests that enough individuals were not 

sampled or that fragments originated from unsampled populations. A Wahlund effect may 

result from the merger of two non-interbreeding populations (Christiansen 1988), and 

translocated beaver fragments could have been the cause of the Wahlund effect seen in S. 

sitchensis. When the clones grew to maturity they would not be a result of random mating 

within that site and would actually represent a separate population which would be 

mistakenly sampled as a member of the host population. Thus beaver foraging may have 

influenced population genetic structure by delaying flowering and inducing immigration of 

asexual propagules. However, as no clones were found between or within populations, it is 

unlikely that imported beaver forage greatly impacted these populations of S. sitchensis. 

Asexual reproduction generates non-random associations of alleles, a phenomenon 

called linkage disequilibrium (reviewed in Tibayrenc et al. 1991). Low levels of 

disequilibrium are expected in a sexually reproducing population. On the other hand, asexual 
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reproduction generally leads to linkage disequilibrium. Linkage disequilibrium was found at 

all sites in this study despite the lack of evidence of clonal production. Linkage 

disequilibrium can also be the result of admixture, the pooling of two reproductively separate 

lineages into one sample population. Hence, the fact that both linkage disequilibrium and the 

Wahlund effect were found at each site suggests substructure at the site level. 

4.4.3 Population Differentiation 

As mature willows are generally immobile, the only way willows to migrate to a new 

site is through sexual (seeds or pollen) or vegetative propagules (severed stems). While some 

of the sites in this study are not separated by great distances (waterway or shortest distance), 

Island Park and Penny were separated by 106.81 km (shortest route) or 214.21 km 

(waterway). For the shorter distances pollen, seed and even vegetative propagule migration 

was not only possible but likely. However, over great distances, such as between Island Park 

and Penny, the likelihood of pollen or seed migration was very low for a single generation. 

Vegetative propagules could in theory have survived this distance; however, the distance 

along the waterways from site to site was large and the probability of vegetative propagules 

making up the observed level of gene flow per generation (Table 12) was small. Propagule 

(sexual or asexual) dispersal over great distances may be unlikely in a single generation but 

dispersal probability would increase as more generations occurred. This is seen in Table 11 

as gene flow occurred between all populations, regardless of distance. Salix sitchensis 

appears to be a dominant and abundant riparian willow in central British Columbia. Along 

the rivers and waterways examined, S. sitchensis was present in varying proportions. Low 

levels of genetic differentiation and population substructure in S. sitchensis could be a result 

of populations belonging to a large continuous interbreeding population along riparian 

habitats within the area of study. This is further supported by the AMOVA results which 
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showed that the majority of genetic variance was not between populations but within 

populations and individuals. 

Other studies have also found a lack of population differentiation. A study on S. 

caprea chloroplast DNA found no population structure or genetic differentiation (Palme et al. 

2003). Sato et al. (2006) found low levels of genetic structure and attributed this to high 

levels of pollen and seed dispersal. Weak genetic structure may be the result of pollen and 

seed dispersal as well as post-recruitment mortality (Hardesty et al. 2005). Other studies have 

found population differentiation in willows. Lian et al. (2003) found strong patch 

differentiation in populations of S. reinii in recently colonized volcanic habitat, and genets 

and haplotypes were often restricted to a single patch. Recently colonized populations, as 

seen in Lian et al. (2003), were hard to compare to the already established populations of S. 

sitchensis. Populations of P. nigra on the Drome River were strongly differentiated by 

distance and even geographically close populations were substantially different (Imbert and 

Lefevre 2003). Winfield et al. (1998) also found isolation by distance in P. nigra. 

Genetic differentiation in wind-pollinated species have been observed to range from 

0.019 to 0.071 (Fst; Sato et al. 2006), which was comparable to the range of genetic 

differentiation observed between populations of the wind pollinated S. sitchensis (0.016 to 

0.038 for Fst values and 0.018 to 0.074 for Rst values). In fact, S. sitchensis has lower Fst 

values which suggest less population structure and more gene flow between populations than 

those seen in Sato et al. (2006). High levels of wind pollination should decrease population 

differentiation (Dow and Ashley 1998; Govindaraju 1988; Sato et al. 2006), and the low 

population differentiation seen in S. sitchensis suggests that it is primarily wind pollinated. 

However, low genetic differentiation could also have been a result of extensive seed dispersal 

An example of this is seen in Provan et al. (2008), who observed high levels of genetic 
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differentiation as well as low levels of gene flow in juniper (Juniperus communis Linnaeus). 

Juniper is wind-pollinated, however, seeds or cones are primarily distributed by animals. 

Population differentiation was found to be higher in juniper that in S. sitchensis. Poor seed 

dispersion (by animal vectors) and low seedling survival (Provan et al. 2008) may have 

resulted in this species having higher levels of population differentiation than S. sitchensis. 

Populus spp. have wind-dispersed seeds and are therefore expected to show low 

levels of population differentiation. High gene flow coupled with high population 

differentiation and isolation by distance was hypothesized to be a result of poor seed 

dispersion in P. nigra (Imbert and Lefevre 2003). Conversely, low genetic and genotypic 

diversity (Winfield et al. 1998; Rottenberg et al. 1999; Rottenberg et al. 2000) as well as 

significant isolation by distance (Winfield et al. 1998) have also been seen in Populus and 

Salix spp. Variable seed dispersal and survival (as a result of environmental or genetic 

factors) may have resulted in these populations exhibiting lower genetic as well as genotypic 

diversity, higher differentiation and isolation by distance than S. sitchensis, despite similar 

seed dispersal mechanisms. High population differentiation would have resulted if Populus 

spp. underwent substantial levels of clonal reproduction and genetic drift within sites (as seen 

in Arens et al. 1998). Asexual reproduction and genetic drift could not explain the high levels 

of genetic diversity seen by Imbert and Lefevre (2003); however low levels of genotypic 

diversity in P. nigra have also been reported (Arens et al. 1998; Winfield et al. 1998). As 

discussed above, habitat, pollination strategy, and seedling survival could also influence 

population genetic and genotypic diversity. Regardless, S. sitchensis had little differentiation 

between populations and this suggested that a substantial level of gene flow was occurring 

between sites. However, based on the genetic data it was difficult to determine if high levels 
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of gene flow between populations of S. sitchensis were due to pollen or seed dispersal, or a 

combination of both. 

4.5 Conclusion 

This study showed that S. sitchensis was reproducing predominantly sexually as 

suggested by its high genotypic diversity and the absence of clones. Despite the abundance of 

asexual propagules observed in all sites, no clones between or within sites were observed. 

This suggests that colonization and immigration of asexual propagules, especially beaver-

mediated transport, was not occurring. Population differentiation and isolation by distance 

were very low and high gene flow was occurring between all sites regardless of distance. 

This data suggests that S. sitchensis formed a large, continuous interbreeding population 

along the sampled watersheds in this region. 

Paradoxically S. sitchensis a deficiency of heterozygotes was observed, despite its 

high levels of gene flow and low levels of population differentiation. Beaver browse may 

have created two non-interbreeding cohorts of willows that flowered at different times and 

were only randomly mating within a cohort. If this was the case, sampling from cohorts as if 

they were a single population would have resulted in the Wahlund effect, and the observed 

deficiencies of heterozygotes. Conversely the import of asexual propagules into new sites 

could also have resulted in substructure. These propagules would be difficult to differentiate 

from sexual propagules if the host plant was unsampled. However, as no clones were found 

within or between populations, the import of asexual propagules most likely did not create 

subpopulations within the study sites. 
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Chapter 5: General Conclusion 

For the common riparian willow S. sitchensis, this study quantified the relative 

contributions of wind and insect pollination; presence or absence of pollen limitation; the 

relative contributions of sexual and asexual reproduction; gene flow between population; as 

well as the genetic differentiation and isolation by distance between populations. Specifically 

this study found that: 

• Salix sitchensis was wind and insect pollinated, however, wind pollination 

was slightly more common. 

• Pollen limitation did not statistically alter the ratio of ripe fruits to total fruits 

(ripe and dead fruits); however, it did reduce seed production by 27.4%. 

• Despite the abundance of asexual propagules and their higher survival rate 

when compared to sexual propagules, no clones were found. 

• High levels of genotypic and genetic diversity, and gene flow were observed. 

• Population genetic differentiation was low and isolation by distance was not 

significant. 

The production of seeds by flowers enclosed within insect excluders suggested that S. 

sitchensis was wind pollinated. However, an abundance of insects was seen visiting S. 

sitchensis flowers and insect excluders lowered seed production and fruit ratio data when 

compared to open catkins. This implies that insect pollination had also occurred. Other 

species pollinated by wind have shown levels of genetic differentiation ranging from 0.019 to 

0.071 (Sato et al. 2006). These levels of genetic differentiation were higher than the range of 

genetic differentiation observed between populations of S. sitchensis (0.01639 to 0.03754 for 

Fst values and 0.01757 to 0.07361 for Rst values). This suggests that S. sitchensis had higher 
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levels of gene flow and lower population differentiation than in Sato et al. (2006). While both 

methods of pollination appeared to have occurred, the high levels of genetic and genotypic 

diversity observed; non-significant isolation by distance; low levels of genetic differentiation 

and high levels of gene flow; as well as the dominance of wind pollination observed for fruit 

ratio data, suggests that this species is mainly wind pollinated. 

The absence of population differentiation and the lack of isolation by distance in S. 

sitchensis may also be explained by the dispersal of wind-borne seeds (reviewed in Hamrick 

et al. 1993; Imbert and Lefevre 2003; Hardesty et al. 2005; Provan et al 2008). Several 

species show weak population differentiation which is attributed, in part, to high seed 

dispersal (Hardesty et al. 2005; Sato et al. 2006). Populus spp. have wind-dispersed seeds, 

and wind-dispersed species are expected to show low levels of population differentiation. 

However, this may not always be the case, as high and low levels of genetic and genotypic 

diversity, high population differentiation, as well as isolation by distance were observed in P. 

nigra (Winfield et al. 1998; Imbert and Lefevre 2003). High gene flow coupled with high 

population differentiation and isolation by distance was hypothesized to be a result of poor 

seed dispersion (Imbert and Lefevre 2003). Variations between seed dispersal, germination, 

and survival may have resulted in these populations showing different levels of 

genetic/genotypic diversity, genetic differentiation and isolation by distance than S. 

sitchensis, despite similar seed dispersal mechanisms. An example of this was seen in 

juniper; where genetic differentiation was higher, and gene flow was lower (Provan et al. 

(2008), than the values determined for S. sitchensis. Juniper is wind-pollinated and seeds or 

cones are primarily distributed by animals. Genetic differentiation among juniper populations 

was higher than the range of differentiation seen in S. sitchensis. Poor seed dispersion (due to 
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animal vectors) and seedling survival (Provan et al. 2008) may have resulted in this species 

having higher levels of population differentiation than S. sitchensis. 

It was difficult to determine, using microsatellite markers, if the high genetic and 

genotypic diversity, lack of isolation by distance and low genetic differentiation was a 

product of pollen or seed dispersal, or both. Nevertheless, seedling mortality near 100% 

(Chapter 3) should have resulted in limited gene flow between populations, which should 

have created high population differentiation. However S. sitchensis populations did not have 

high levels of differentiation. This may have been a result of a gradual accumulation of 

sexual reproduction, or sporadic levels of high seed survival. If seedlings produced from 

either method were a product of gene flow from other populations via seeds or pollen, then 

population differentiation would be low. Regardless of method, the large amount of gene 

flow between populations suggests that S. sitchensis formed a nearly continuous 

interbreeding population along the sampled waterways of central British Columbia. 

The presence of linkage disequilibrium, as well as the high abundance and survival of 

beaver-browsed twigs, when compared to sexual propagules, suggested that populations were 

reproducing asexually. However, no clones were found within or between populations and 

each individual had a unique multilocus genotype. This suggests that sexual reproduction was 

the dominant method of reproduction in S. sitchensis. High levels of genotypic diversity, and 

a predominantly sexual reproductive strategy in sites with an excess of asexual propagules 

was unexpected. Asexual propagules may have been as dependent on optimal conditions for 

recruitment as sexual propagules have been reported to be (Chapter 3; Barsoum 2002). As 

asexual propagules had a higher survival rate than sexual propagules, current conditions may 

favour asexual propagules. Past conditions, on the other hand, could have favoured sexual 

propagules and the genetic structure may be temporally lagging behind the reproductive 
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strategy. Conversely, the long-term survival of asexual propagules could decrease rapidly and 

a majority of observed propagules may die. In this case, the contribution by asexual 

reproduction would have a limited impact on the genetic structure of the population. Years of 

high sexual reproduction due to good seed production coinciding with optimal conditions for 

survival may have led to high levels of genotypic diversity in sites dominated by potential 

asexual propagules. 

Salix sitchensis exhibited temporal and spatial variation in efficiency and proportions 

of wind and insect pollination. Similar variation seen within and between other species of 

willows (Sacchi and Price 1988; Douglas 1997; Peeters and Totland 1999; Tamura and Kudo 

2000; Karrenberg et al. 2002) is poorly explained. Variables such as rain drop size, storm 

intensity, temperature, and insect abundance have been suggested to explain pollination 

variation (Whitehead 1969; Tamura and Kudo 2000). These variables should be examined in 

detail at the site level to determine how they influence pollination. It is important that these 

analyses are conducted at the site level as weather stations close to, but not in the site will not 

accurately represent the conditions at each site. Pollen limitation data was only collected for 

one year and one site. The variation of pollen limitation seen within and between other 

willow species (Tamura and Kudo 2000; Totland and Sottocornola 2001) implies that pollen 

limitation may vary between populations and years. Studies similar to the one performed on 

S. sitchensis, carried out in several populations and for several years are required to 

determine if pollen limitation is variable. Investigations into how climatic conditions and 

how the presence and abundance of insect vectors impact S. sitchensis pollination will also 

help explain why pollen may be limiting. Like most studies on pollen limitation 

(Zimmerman and Pyke 1988; Pfennig and Conner 1997), this study was unable to determine 

if resources other than pollen were limiting. Plants may have reallocated scarce resources to 
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flowers and/or catkins with more pollen (PT treatments; Zimmerman and Pyke 1988; Pfennig 

and Conner 1997) resulting in PT treatments having higher seed production or fruit ratio 

values. Pfennig and Conner (1997) recommend that future studies could artificially pollinate 

all flowers on an individual and compare these individuals to un-modified individuals. 

Ashman et al. (2004) recommend reporting individual values not population averages and 

conducting the study over the plants lifetime. In this situation, increases in seed set on 

supplemented individuals would be more likely to be related to pollen limitation than nutrient 

limitation (Ashman et al. 2004). 

While S. sitchensis appeared to be primarily sexually reproducing, reproduction in 

other willow species was observed to have been dominated by sexual propagules (Stamati et 

al. 2007), asexual propagules (Cottrell 1995), and a mixture of both (Barsoum 2002; 

Douhovnikoff et al. 2005). The presence of asexual reproduction in other willow species as 

well as the abundance and high survival ofS. sitchensis asexual propagules (Chapter 3) 

suggests that asexual reproduction may occur in S. sitchensis. However, if beavers were 

relocating stems within or between sites clonal reproduction should have been detected. As 

no clones were seen within or between sites, it is unlikely that beavers were facilitating 

asexual reproduction in these populations of S. sitchensis. The absence of clones could be a 

result of an insufficient sample size. Sampling more individuals from each site, as well as 

sampling from a series of sites positioned sequentially down a water system will determine if 

asexual reproduction is occurring within or between sites. A simple method of characterizing 

asexual propagule migration and survival is to paint propagules with a waterproof, non-toxic 

paint. Relocation of these propagules after winter and flooding will determine if they 

relocated to other sites and if they survived and reproduced within their new habitat. 
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The proposed temporal rotation of S. sitchensis flowering cohorts would greatly 

impact population genetic structure. Careful analysis of when individuals flower within a site 

is required to determine if this phenomenon is occurring. If a temporal structure is found, 

sampling as well as genetic analysis according to this temporal population structure is 

recommended. 

This study offers more support to previous findings that beavers interact with and 

greatly influence riparian plant species (Kindschy 1985; Donkor and Fryxell 1999; Veraart et 

al. 2006; Jones et al. 2008). Beavers have been introduced or reintroduced in order to 

enhance riparian restoration; however, if woody plant species have not sufficiently re

established beaver activity can limit ecological recovery (Kauffman et al. 1997). The 

variation seen in riparian species response to beaver browse (Kindschy 1985; Donkor and 

Fryxell 1999; Veraart et al. 2006; Jones et al. 2008), while following a similar trend, suggests 

that the impact of beavers is variable by species. It appears that in order to succeed, 

restoration plans must consider not only detailed knowledge of the reproductive strategies of 

common riparian plants, but also how they interact with other riparian species (e.g. beavers). 

This study collected information on the reproduction of a common riparian willow, S. 

sitchensis, and how it interacts with beavers. Combining S. sitchensis specific reproductive 

information, with that of other species and how these species interact, will allow for the 

creation of successful riparian restoration strategies. These strategies will consider not only 

species specific conditions for recovery, but how the interactions between species will 

influence restoration efforts. 
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