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woody stems are rough and stringy, grow to 10 cm in diameter and up to 30 m long. Each individual 

vine produces new stems annually, and each stem can live a few years to a few decades (West 1991, 

Bungard 1996). When trailing on the ground, stems will root and produce shoots at the nodes.  

 

Figure 1.2: Left: twining leaf petiole. Middle: stringy, rough bark on mature stem. Right: nodal roots from ground-based 
stem. 

Flower panicles are produced on stems as young as one year old from early to late summer. Perfect 

flowers arise in compound dichasial cymes from leaf axils and terminally (Figure 1.3). When open, 

flowers are 2-3cm across. Flowers lack petals, but have 4-5 lanceolate, white, hairy sepals that 

surround the androecium with up to 60 stamens.  

 

Figure 1.3: Left: compound dichasial cymes with flowers and flower buds. Right: perfect flowers with hairy sepals. 

The superior gynoecium consists of many separate carpels, usually not more than 36, each of which 

ideally produces a single-seeded, hairy achene, 2 mm x 4-5 mm. Carpel number is usually higher in 

terminal flowers than lateral flowers (Salisbury 1920). Green achenes ripen to lignified, dark brown or 

reddish-brown, almond-shaped fruits covered with dense, flattened hairs (Figure 1.4). Each achene is 

generally 1-2 mm wide and 2.5-4 mm long, topped with a 3-4 cm long, style (Tamura 1993). Styles 

curl and become plumose as the achene ripens. 
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pollinated. Also, due to inbreeding depression, genetic diversity may be lower, and offspring vigour 

may be weak, among other things. 

 

Figure 1.6: One of many generalist pollinators of Clematis vitalba. 

The number of carpels per OMB flower is highly variable and ranges from 9-42 or more, although 

most flowers have between 20 and 30 carpels. Salisbury (1920) found that abortion of achenes on 

OMB plants in England occurs in approximately 12% of seeds produced, and that very few seed heads 

are 100% fertile. He determined that lack of pollination caused abortion in only 1-2% of the aborted 

achenes, which validates the above research in Ireland. Lindgren also confirmed that it is uncommon 

in the Clematis genus for every individual carpel to produce a viable seed (2006). OMB produces 

large quantities of seeds. Along with 12% abortion, some seeds that suffer predation or disease, or 

lose viability due to unfavourable temperature, moisture, or light levels. Despite those losses and the 

trade-offs associated with self-pollination, OMB can still produce large quantities of viable seed. 

Selfing confers a clear benefit on the species. 

1.4.5 Seed dispersal  
 

Seeds can be dispersed by a variety of biotic and abiotic means, including by humans, birds, insects, 

animals, wind, and water. OMB achenes are best adapted to wind dispersal (anemochory) when the 

fruit and style are mature and desiccated (Sitte 1973). It has also been hypothesised that OMB can be 

water dispersed. Anemochory is not usually as efficient as hydrochory (water dispersal) or biotic 

dispersal (van der Pijl 1982). In fact, 99% of anemochorous seeds do not travel more than 200 m from 

the mother plant (Tackenberg et al. 2003), travelling an average of only 8.5 m (Thomson et al. 2011). 
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Figure 2.5: Relationship between proportions of achene loss  and flag tatter for two-month intervals from March to 
November 2020 at three different sites (Site A=Junction State Highway 3 and Oroua River, Awahuri; Site K=Junction 
Halcombe Road and Rangitikei River, Kakariki; Site M=1119 Camerons Line, Aorangi). 

 

2.4 Materials, methods, and results: Hydrochory  

Achenes for all of the following studies were collected in September 2020 from the same provenances 
as listed in Section 4.2 and were stored stored dry in an airtight container at 5°C until required.   

2.4.1 Seed buoyancy in still water (24 Oct-19 Nov 2020, 12-20 Dec 2020) 

The achene with a persistent style is the natural dispersal unit of OMB. With styles intact, 100 

achenes from each source   were placed in still water in 15 x 15 x 8.5 cm polypropylene basins, 50 

achenes per basin in an unheated glasshouse All  achenes were observed to float on the water surface 

for 1 week, and then for an additional 2.5 weeks just below the surface. In contrast, 20 achenes with 

styles removed floated for a maximum of 8 days, and then sank completely. Thus, it appears that the 

lightweight style supports buoyancy in still water.  
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2.4.2 Seed buoyancy in moving water (Nov 2020, Feb 2021, Jul 2021) 

Experiments with no water movement exaggerate seed buoyancy, due to surface tension (Vivian-

Smith and Panetta 2005, Truscott et al. 2006), hence this follow-up buoyancy study was undertaken. 

After 2 months of dry storage at 5°C, a sample of 100 achenes were placed in a 450 ml jars half-way 

full of water, 10 achenes to a jar. The water was swirled vigorously for 30 seconds, and allowed to 

settle. All achenes remained at the bottom of the jar. Samples from the same collection, removed after 

4 months and 10 months of storage in the same conditions, were swirled in the same way, but re-

surfaced and floated. Swirling was repeated 4-5 times over the course of 24 hours, by which time no 

achenes re-surfaced after settling.  

2.4.3 Seed viability response to short-term immersion (8 Nov 2020-2 Jan 2021) 

After 2 months of dry storage at 5°C, 10 OMB achenes with intact styles were placed in each of seven 

450 ml jars, which were filled halfway with water. Each jar was repeatedly swirled until all achenes 

sank to the bottom of the jar and remained there. The contents of one jar were removed from the water 

each day for 7 days, sown in a 750 ml pot in potting mix, and watered regularly. Thus, by Day 7, all 

seeds had been removed from immersion and planted. Pots were monitored weekly for seedlings until 

no new seedlings had emerged for 2 weeks; then a final assessment of seedling numbers and size was 

made (Day 59). Table 2.2 summarises the results and shows that seed viability was not adversely 

affected by up to 7 days of immersion before germination. 

Table 2.2: Presence and size at 7 weeks of seedlings produced by Clematis vitalba seeds immersed in water from 1-7 days, 
followed by a transfer to potting mix. 

immersion (days) Seeds with surviving 
seedlings (N=10) 

Seedling mean maximum 
height (cm) 

Seedling mean number 
true leaves 

1 7 5.0 2.9 
2 8 4.6 3.1 
3 10 2.9 1.9 
4 5 4.5 2.6 
5 6 6.7 4.0 
6 7 6.0 3.3 
7 10 6.2 3.0 

Mean (SE) 7.57 (0.719) 5.13 (0.489) 1.1 (0.243) 
 

2.4.4 Seed response to prolonged immersion (24 Oct-26 Dec 2020) 

In October 2020, preliminary work to test OMB seed germination rate in soil was done, by sowing 20 

seeds just under the surface in each of 10 1.5 L plastic planter bags filled with a potting mixture of 

50% peat moss, 25% sand and 25% pine bark.. The first seedlings began emerging 20 days after 

sowing. Similarly, after 3.5 weeks floating on or just below the surface in a full 15 x 15 x 8.5 cm 

polypropylene basin of still water, an average of 90% of achenes per basin had germinated in the 



 

30 
 

water (4 basins with 20 achenes each). Half of the germinated seeds were then removed from 

immersion and sown in 750 ml pots filled with potting mix, while the remaining seeds were left in 

water. Water was replenished as needed, to maintain a full basin. Weekly monitoring for an additional 

5 weeks took place to observe seedling development and survival, both in water and in soil. No more 

seeds germinated in water after 3.5 weeks immersion. Figure 2.6 details the timeline of seedling 

development of both the potted and immersed seedlings. In summary, both cohorts continued 

elongation and remained healthy for approximately 1.5 week after germination, after which immersed 

seedlings began to decline (Figure 2.7), but potted seedlings continued robust development.  

 

Figure 2.6: Contrast of Clematis vitalba seedling development in soil after removal from water following germination 
(lower boxes) compared to seedling decline under continuing immersion conditions (upper boxes). 

 

 

Figure 2.7: Response of Clematis vitalba seeds to prolonged immersion in water. Left: Healthy cotyledonous seedlings 1.5 
weeks after germinating in water (5 weeks total immersion). Right: Immersed true seedling decomposing 3.5 weeks after 
germinating in water (7 weeks total immersion). 

 

Status in water 

Status in soil 

5 Weeks 

90% seedling 
emergence at 
soil surface 

elongation to 
healthy 

cotyledonous 
seedlings 

No growth; 
leaves 

becoming 
pale and 

transparent 
with dark 
margins 

Average 
4.75 true 

leaves, max 
height 9.75 

cm 

9 Weeks 

One true leaf 
each, but no 

other 
growth; 
margins 
darker 

Average 3 
true leaves, 
5.75 cm tall 
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First true 
leaves 

developing; 
margins 

remain dark 

1-3 true leaves 

Cotyledon 
margins 

beginning to 
darken 

6 Weeks  
First true 

leaves 
developing 

3.5 Weeks 

90% 
germination 
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2.4.5 Seed response to intervals of immersion after germination (12 Dec 2020-6 Feb 
2021) 

After 3 months in dry storage at 5°C, 52% of seeds (26/50) immersed in a 15 x 15 x 8.5 cm 

polypropylene basin of still water had germinated within 20 days. To test if germinated seeds can 

resume normal development in potting soil and produce seedlings after extended immersion, a sample 

of germinated seeds were removed from the water at weekly intervals after germination and sown in 

750 ml pots filled with potting mix: immediately after germination by Day 20, 1 week after 

germination by Day 20, two weeks after germination by Day 20, three weeks after germination by 

Day 20, one week after germination by Day 27, and one week after germination by Day 34. After 5 

weeks immersion, no more seeds germinated. Table 2.3 summarises the results, namely that 78% of 

seeds germinated while immersed, and by 8 weeks after the trial began, of the germinated seeds, 

approximately half produced seedlings after being sown in soil. The study was discontinued at 8 

weeks.  

Table 2.3: Clematis vitalba seedling development in soil following germination while immersed at 3 weeks, 4 weeks, and 5 
weeks. 

 

Week germinated Seeds germinated 
(proportion of 
total, N=50) 

Week potted Seeds potted 
(proportion of 

germinated seeds 
from indicated 

week) 

Seedling emergence 
through soil by 8 

weeks (proportion 
of germinated, 
potted seeds) 

3 26 (0.52) 3 7 (0.269) 3 (0.429) 
3  4 6 (0.231) 4 (0.667) 
3  5 7 (0.269) 6 (0.857) 
3  6 6 (0.231) 3 (0.5) 
4 5 (0.10) 5 5 (1) 3 (0.6) 
5 8 (0.16) 6 8 (1) 1 (0.125) 

Total 39 (0.78)  39 (1) 20 (0.513) 
Mean (SE)    0.53  (0.101) 

 

2.4.6 Summary of results: Hydrochory 

Research conducted October 2020-January 2021 showed that:  

1. The persistent, plumose style of OMB achenes can aid it in temporary buoyancy, perhaps by 
lowering the overall density of the achene (Carthey et al. 2016). However, the style does not 
provide enough support to allow the achene to re-emerge and float at the surface of moving 
water after imbibing and sinking within 24 hours; 

2. Longer dry storage leads to lower seed water content, and drier achenes are more likely to 
float, at least temporarily. Yet ultimately, all OMB seeds that land in water with some 
turbulence will sink within a one-day period, even with intact styles. 

3. Seeds immersed up to six weeks in still water can germinate and do so at a similar rate to 
seeds in soil. 
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months was an imprecise estimate, due to the inability to weight the flags during the pandemic 

lockdown. In subsequent months the weight loss was recorded but showed little relation to the seed 

dispersal rates. One possible factor contributing to the poor correlation could be that wind strength 

alone does not facilitate achene release, and that seed senescence needs to reach a critical stage. Due 

to the indeterminate nature of OMB, new seeds develop throughout the season, and by autumn mature 

achenes are at different stages of senescence (Figure 2.9); fruit at earlier stages of senescence tended 

to remain attached to the receptacle, regardless of wind strength. To get more meaningful information 

about seed loss, shorter tatter flag intervals might be valuable, although if a seed head releases most of 

its achenes within a few days, tatter loss measured after that point still would not be useful, despite the 

shorter interval length. The overgrowth from weeds and new OMB stems noted above reduced wind 

exposure, which could also have contributed to the lack of correlation. Predation was probably also 

partially responsible for an inadequate relationship between seed loss and flag tatter, as seed loss due 

to granivory is unlikely to be associated with wind movement.  

As noted in Section 1.4.8, although fully differentiated, seeds are dormant at maturity, with an 

undersized embryo. The results clearly indicate that OMB seeds can and do disperse early in the 

season, when still dormant. Under natural conditions, after-ripening occurs during the autumn and 

winter months, when the embryo gradually loses dormancy. This can take place both on the mother 

plant or on the ground. However, not only does early dispersal provide a greater chance of long-

distance dispersal, it also puts seeds in a position to germinate as soon as after-ripening conditions 

have been met and external conditions are favourable.  

 

 

Figure 2.9: Achenes at different stages of senescence 
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In addition, a meta-analytic random-effects event-time model (Jensen et al. 2020) was used to 

generate predictions of germination curves for the two temperature regimes with the highest 

germinability overall (4WK and 20/30°C; packages used: as listed above for the influence of the 

style). To simplify the model fit process, prior to meta-analysis, chi-square tests of independence 

indicated no significant variation in the maximum germination between the replicates of the same 

treatment combinations (SPSS, version 27). Therefore, the six replicates were merged into two 

replicates for each treatment combination.  

3.3 Results 

3.3.1 Patterns in effects of temperatures and treatments 

Total germinability of seeds across all temperature/treatment combinations in both experiments 

was low (Figure 3.2), although germinability in Experiment 2 in 2020 (27%) was substantially 

lower than in Experiment 1 in 2019 (40%). This difference may have been due to seeds being 

collected about 3 weeks earlier in 2020 (end of June) than they had been in 2019 (mid-July) and 

being presumably more deeply dormant. TZ assays showed 83% of ungerminated seeds to be 

viable from Experiment 2, so the majority were either germinable or viable, but dormant. 

Despite some differences between the seed collections, clear patterns were also apparent for both 

lots of seed: 1) seeds responded poorly to all treatments at 20°C and 25°C, except if the seeds 

were pre-chilled for at least 2 weeks; 2) scarification significantly improved germinability of 

otherwise untreated seeds, both in constant and alternating temperatures; 3) potassium nitrate and 

gibberellic acid together were often more effective than any other treatment, but not always 

significantly more than scarification, GA3, or KNO3 alone. 

In addition to the poor germinability at 20°C and 25°C, a single week of prechilling (Experiment 

1 only) did not result in substantially more germination at 20°C than no prechilling, nor did the 

constant 15°C regime in complete darkness (Experiment 2 only). None of these temperature 

regimes achieved 50% germination or more in any treatment in either experiment, but 

tetrazolium assays indicated most remained viable. They were thus eliminated from any 

statistical analysis, as these were all clearly insufficient conditions to bring seeds out of 

dormancy. Seeds collected mid-winter responded much more readily to 20/30°C, 15°C with 

light, or 2 or 4 weeks prechilling followed by 20°C incubation. Hence, the subsequent analysis 

focused on these four regimes. 
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Figure 3.2: Maximum mean germination (proportion) of Clematis vitalba seeds at 28 days (raw data) for Experiment 1, July 
2019 (top) and Experiment 2, June 2020 (bottom). Comparison between five different treatments: C = Control ( blotters 
moistened with water); S = Scar (scarification: 1 mm sliver sliced off achene exocarp, blotters moistened in water); K = 
KNO3 (blotters moistened with 0.02% KNO3 solution); G = GA3 (achenes soaked overnight in 250 ppm GA3, blotters 
moistened with water); KG = KNGA (achenes soaked overnight in 250 ppm GA3, blotters moistened with KNO3)) within 
seven different light/temperature regimes (constant light at constant 25°C; constant light at constant 20°C (no prechilling, 
1 week 2 weeks or 4 weeks prechilling (1WK 5°C, 2WK 5°C, 4 WK 5°C); constant light at constant 15°C (15°C Light), constant 
darkness at constant 15°C (15°C Dark); and alternating dark and light (16h:8h) with alternating temperatures (20/30°C)). 
Proportions with at least one common letter are not significantly different (2-sample tests for equality of proportions 
without continuity correction in Base-R; p<0.05). Error bars based on standard errors. 

 

3.3.2 Influence of intact style 

Seeds in the 2-step meta-analysis model of the 2WK, 4WK, 15°C and 20°/30°C treatments from 

Experiment 1 had enough germination to produce a curve, and here, the importance of an intact 

style on the rate and maximum germination % varied by treatment (Appendix A, Tables A.1 and 
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Because of the inconsistencies between the experiments, all further analyses for these experiments 

were restricted to seeds with intact styles. Also because of the inconsistencies and because the 

natural dispersal unit is an achene with a style, the style was left intact for all subsequent 

experiments. 

 

 

Figure 3.4: Significant effect (p<0.05) of removing the style on maximum germinability of Clematis vitalba seeds in various 
treatments (Control = no treatment other than moisture with reverse-osmosis water, GA3 = gibberellic acid, KNGA = 
potassium nitrate and gibberellic acid, Scarification = sliver of seed coat removed) during incubation for 28 days in July 
2020 at 15°C, alternating between 20°C and 30°C, or prechilling at 5°C for 2 weeks and incubating at 20°C (2WK Prechill), as 
indicated. 

 

3.3.3 Influence of temperature/treatment combinations  

In Experiment 1 (Figure 3.5), data on decay and dormancy were not collected, and therefore the 

reason for lack of germinability could not be ascertained. The following two results were unique to 

Experiment 1 in a binomial regression analysis for germinability: 1) A combination of 15°C with 

light appeared to be highly conducive to germination in the GA3 and KNGA treatments (95% and 

90%, respectively); and 2) although all three treatments improved germinability over control, the 

relative effectiveness of scarification, KNO3 and GA3 to encourage germination was highly 

variable in 2019.  
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Figure 3.5: Observed treatment effect in experiment 1 (15C = 15°C, 20/30C = temperature alternating between 20° and 
30°, 2WK = incubation at 20°C following 2 weeks prechilling, 4WK = incubation at 20°C following 4 weeks prechilling; C = 
Control, G = GA3, KG = KNO3 + GA3, K = KNO3, S = Scarification) on Clematis vitalba seed germination in 2019. Error bars 
denote 95% confidence intervals. 

 

Figure 3.6 displays differences between treatments in Experiment 2, in which germinability, 

dormancy, and decay were considered. In contrast to Experiment 1, seeds in all temperatures 

responded more positively to KNO3 in Experiment 2 than seeds in the scarification or GA3 

treatments. Also, 15°C with light failed to promote germination at the same high rates as in 

Experiment 1 for GA3 and KNGA: respective Experiment 2 germinabilities were 9% and 49%. 

Control seeds in all temperature regimes other than 20/30°C stayed largely dormant, with less than 

20% average final germination. 

Multinomial regression analysis results showed that treatments which resulted in the most 

germination were also more likely to have seeds that decayed rather than stayed dormant if they 

did not germinate. For example, compared to the reference treatment, 2WK Control, 4WK and 

20/30°C seeds treated with KNGA had similarly high odds ratios for germination over decay 

(21.38 and 25.55, respectively, with respective germinabilities of 79.3% and 81.3%). The odds 

ratios for remaining dormant rather than decaying for both were very low (4WK: 0.15; 20/30°C: 

0.17), and nearly 90% of seeds that did not germinate were likely to decay. On the other hand, 

treatments that resulted in low germination were more likely to remain dormant (e.g. 2WK Control 

germinability was 6%, decay 22.7%, and dormancy 71.3%). 
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Figure 3.6:  Observed effect (15C = 15°C, 20/30C = temperature alternating between 20° and 30°, 2WK = incubation at 20°C 
following 2 weeks prechilling, 4WK = incubation at 20°C following 4 weeks prechilling; C = Control, G = GA3, KG = KNO3 + 
GA3, K = KNO3, S = Scarification) on Clematis vitalba seed germination , dormancy , and decay following a 28-day incubation 
period in July 2020. Error bars denote 95% confidence intervals. 

 

Both the binomial regression of Experiment 1 and the multinomial regression of Experiment 2 on 

seeds with styles indicated a highly significant overall treatment effect (p < 0.001; Appendix A, 

Table A.3). Germinability of seeds without any treatment other than the temperature/light regime 

(Control) was not high at 20/30°C (maximum germination 72.5% in 2019 and 46.0% in 2020), but 

significantly higher than that of control treatments in any other temperature regimes. Scarification, 
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GA3 and KNO3 all improved germinability of otherwise untreated seeds, both in constant and 

alternating temperatures.  

Prechilling up to 4 weeks significantly improved overall germination for seeds incubated in most 

constant temperatures, and KNO3 combined with GA3 resulted in higher germination than any 

other treatments in both prechilled temperature regimes. Yet, except for similar germinability to 

20/30°C in the KNGA treatment, prechilling 4 weeks (4WK) was not nearly as effective as the 

alternating temperature regime without prechilling for any treatment. Indeed, for both experiments, 

predicted probabilities for KNO3-treated seeds in 20/30°C were the highest of any 

temperature/treatment combination. 

The only temperature regimes that produced treatments with consistently high maximum 

germination in both years were 4 WK pre-chilling and 20/30°C. Meta-analysis of both experiments 

combined revealed that prechilling significantly reduced the time to germination onset and time to 

50% germination for every treatment (Appendix A, Tables A.4 and A.5). Yet, seeds subjected to 

alternating temperature and light were significantly more germinable than the prechilled seeds, 

except in the KNGA treatment. 

In both temperatures, treatment with gibberellic acid alone significantly increased germination 

speed over control and KNO3 treatments, although KNO3 alone resulted in significantly better 

germinability than GA3. The combination of potassium nitrate and gibberellic acid resulted in both 

significantly faster rates and higher germinability than GA3 alone, and consistently produced some 

of the highest maximum germination estimates. Although slower than treatments with GA3, in the 

fluctuating temperature regime, seeds responded just as well or better to KNO3 alone than to KNO3 

and GA3 together (Figure 3.7), showing that exogenous GA was unnecessary to achieve optimal 

germination, given the right incubation conditions.  
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investigate whether fully after-ripened seeds can also remain dormant. Chapter 5 will look at 

dormancy and longevity of seeds in the soil seed bank.  
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Germination was defined as radicle breakthrough of the exocarp. In all trials, germination of control 

and KNO3 treatments (i.e. Treatments 1 and 2) was monitored and recorded three times per week. Any 

germinated or mouldy seeds were removed at each monitoring interval. Blotters were moistened as 

needed, usually every 4 days. Dark treatments (i.e. Treatment 3) remained sealed and wrapped during 

incubation, so only final germination was recorded, on Day 28. Following the 4-week incubation 

period, a tetrazolium assay was performed on all ungerminated seeds, to determine post-incubation 

viability. 

4.2.3 Observations of embryo development 

An average OMB seed is 2.5-4.0 mm long. Dormant embryo length is approximately 0.75 ± 0.25 mm 

long, between 20% and 25% as long as the seed (Figure 4.2). For a seed to germinate, the embryo 

needs to reach the threshold size of 1.75 ± 0.04 mm long (Copete et al. 2021), which is 50-60% as 

long as the seed (embryo: seed length ratio roughly 1:2). 

 

Figure 4.2: Mature Clematis vitalba seed with a dormant, undersized embryo (as opposed to a non-dormant, elongated 
embryo shown in Figure 4.9). 

 

4.2.3.1 Embryo size during storage 

In the experiment described above, seasonal germinability patterns of freshly collected seeds were 

examined. As a supplement to that work, and for the purpose of discovering if seeds remaining on the 

mother plant lose morphological dormancy over time, seed collections stored outdoors were examined 
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monthly for changes in embryo size. Seeds collected in July and September 2021 were stored in 

synthetic mesh bags within an open-air shed, sheltered from direct precipitation, but otherwise 

exposed to all fluctuations of ambient temperatures and moisture. Ten to fifteen firm seeds randomly 

selected from each collection were imbibed and dissected each month for 10 months for embryo 

measurement. 

4.2.3.2 Embryo growth during incubation  

To investigate possible loss of seed viability during dry storage at 5°C, 200 seeds collected in 

September 2020 were subjected to a germination test without any exogenous nutrients or hormones 

added (20/30°C) when fresh and were 95% germinable. After 21 months of dry storage, 400 seeds 

were subjected to a second germination test in the same conditions, during which a sample of 10 

randomly selected seeds were dissected and embryos measured (using Olympus CellSens Dimensions 

1.6) at intervals of 2-3 days until all seeds had germinated, decayed or had been dissected.  

4.2.4 Analysis 

Because no samples could be collected at WFR between November and March due to complete 

dispersal, and because samples collected at KUM during that period were too small to be 

representative of the population (also due to dispersal), there were only seven collections from both 

sources that were sufficient to use in the statistical analysis. Still, the six additional KUM collections 

were subjected to incubation, to get a sense for year-round viability. 

A prediction of seed non-viability at the end of the incubation period was generated with a binomial 

regression model, using tidyverse, caret, aod, and arm packages in R statistical software, version 4.2.0 

(Lesnoff and Lancelot 2012, Wickham et al. 2019, Gelman and Su 2021, Kuhn 2021, R Core Team 

2021). Another binomial regression model, using the same packages, with the same predictor 

interactions, was then run to predict germinability versus dormancy on the viable seeds. 

Multicollinearity was calculated using the generalised variance inflation factor (GVIF) with the car 

package (Fox and Weisberg 2019), by calculating a GVIF on separate binomial models for the main 

effects without interaction. Goodness of model fit was tested by plotting simulated residuals with the 

DHARMa package (Hartig 2022), shown in Appendix B, Figures B.1 and B.2. 
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Figure 4.3: Observed proportions of Clematis vitalba seed that were found to be not viable after being collected from 
plants during autumn to spring and then subjected to one of three treatments (Dark = complete darkness; Control = 
blotters moistened with reverse-osmosis water; and KNO3 = blotters moistened with KNO3), incubated 28 days  in 
alternating dark and light (16h:8h) with alternating temperatures (20/30°C). Seeds were collected from two separate 
populations (KUM, WFR) in the Tararua District, New Zealand. Error bars denote 95% confidence intervals. 
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Table 4.1 shows the sequential analysis of deviance table for the binomial model compared to the null 

model, in which deviance reduction for date was roughly triple that of treatment or the treatment by 

date interaction, thus demonstrating that date was the most influential term in the model. 

 

Table 4.1:  Analysis of deviance table for binomial logistic regression model of Clematis vitalba seed decay/non-viability 
following incubation, with first order interactions. 

 
Df Deviance  Resid.Df Resid.Dev Pr(>Chi) 

NULL 
  

6299 5432.5  

Treatment 2 91.033 6297 5341.5 <0.001 

Population 1 58.924  5282.5 <0.001 

Date 6 298.189 6290 4984.3 <0.001 

Treatment:Population 2 3.806 6288 4980.5 0.1491 

Treatment:Date 12 113.58 6276 48.67.0 <0.001 

Population:Date 6 67.802 6270 4799.2 <0.001 

 

 

The binomial model for germinability of viable seeds showed that overall, both treatment and 

collection date were highly significant predictors of whether a seed germinated or remained dormant 

(p < 0.001; Appendix B, Table B.2). Seeds in both the control and KNO3 treatments were 

significantly more germinable than those in the dark treatment (p < 0.001), and seeds treated with 

KNO3 were also more germinable than control seeds (p < 0.001), which were exposed to light but not 

KNO3.  

Germinability in autumn of both cohort 2 and 3 seeds was negligible to non-existent (Figure 4.4). 

Wald tests between Cohorts 2 and 3 also revealed a significant increase in germinability of seeds 

collected in winter to those of autumn (p<0.001), and a significant increase in germinability of seeds 

collected in spring to those of winter (p<0.001). Even germinability of mid-winter seeds collected in 

July (Cohort 3) was significantly higher than that of those collected in June (Cohort 2). Significant 

germinability differences between all three September collections (p<0.001) point to cohort variation, 

mostly due to differences in response to the dark treatment. As it was for decay, date was the most 

important predictor of seed status after incubation (Table 4.2): deviance reduction for date was by far 

the largest, although the deviance reduction generated by treatment was also considerable. 

In general, source did not contribute significantly to final seed status (p=0.091), although there were 

some conditions in which significant differences between populations did occur, e.g. September 2020 

in the dark and control treatments. 
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Figure 4.4: Observed proportions of Clematis vitalba seed status (Germinated, Dormant, Decayed) following 28-day 
incubation (in alternating dark and light (16h:8h) with alternating temperatures (20/30°C)) in three treatments (Dark = 
complete darkness; Control = blotters moistened with reverse-osmosis water; and KNO3 = blotters moistened with KNO3), 
incubated). Seeds collected autumn, winter, and spring over 2 years, from two separate populations (KUM, WFR) in 
Tararua District, New Zealand. 
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Table 4.2: Analysis of deviance table for binomial logistic regression model of Clematis vitalba seed germinability during 
incubation (multicollinearity of interaction terms made models with those terms inappropriate). 

 
Df Deviance  Resid.Df Resid.Dev Pr(>Chi) 

NULL 
  

5323 7294.6 
 

Treatment 2 627.3 5321 6667.3 <0.001 

Date 6 3793.8 5315 2873.5 <0.001 

Population 1 2.9 5314 2870.7 0.091 

 

Figure 4.5 demonstrates the average trend of dormancy loss in both populations combined, from 

autumn (May) to spring (September) when incubated directly after collection, in alternating 

temperature (20/30°C) and light (16h/8h). In two consecutive years, germination onset (earliest visible 

breakthrough of radicle) of untreated seeds (control treatment) was not observed in May until the last 

day of incubation (Day 28), at which point only one individual seed germinated (0.2%). Average 

germination onset for control seeds collected the third week of June, incubated in the same conditions, 

was 10 days, with 49.5% germinability. By September, average germination onset had decreased to 7 

days, and average germinability had increased to 83%.  

 

 

Figure 4.5: Average change in Clematis vitalba seed germination onset (in days) and maximum germination (proportion) 
during 28 days incubation in alternating temperatures (20/30°C) and light (16h/8h), between autumn and spring over two 
years, September 2019-September 2021. Seeds from two populations in the Manawatu Region of New Zealand. 

 

4.3.1.1 Year-round germination and dormancy 

Because the bulk of achenes had dispersed between May and September, KUM achene samples 

collected in November 2019 and 2020, January 2020 and 2021, and March 2020 and 2021 were too 

small to be representative of the population and cannot be used to support any predictions of effect 
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from source, treatment or date. Yet, Figure 4.6 shows that for each collection and in each treatment, 

germination did occur and some seeds remained dormant, as well.   

 

Figure 4.6: Observed proportion of Clematis vitalba seed dormancy, decay and germinability in three different treatments 
(C = control; K = KNO3, D = complete darkness) for seeds collected from plants during two summers, 2019-2020 and 2020-
2021, that had formed in the previous autumn. 

 

4.3.2 Observations of Embryo Development 

4.3.2.1 Embryo size during storage 

The approximate average embryo size range of 0.5-1.0 mm was found in both batches of stored seed 

after storage of 9 and 11 months, respectively (Figure 4.7).  

 

Figure 4.7: Clematis vitalba seed embryos measured in May 2022 after 9-11 months of ambient outdoor storage. Top: 
embryo length range of July 2021 seeds = 530-1041 �…m (top); bottom:  embryo length range of September 2021 seeds = 
587-953 �…m. 
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4.3.2.2 Embryo growth during incubation  

Measurement of a sample of embryos prior to incubation established that the seeds had remained 

morphologically dormant during the 21 months of storage. However, once placed in conditions 

suitable for germination, the average embryo size which was 0.85 mm at the beginning of the study, 

grew to 1.37 mm at the time of germination onset (Day 7-Day 9), and peaked at 1.75 mm at 16 days, 

shortly after germination had peaked. Embryo length declined from thereon (Figures 4.8, 4.9), with 

fewer and fewer seeds being ungerminated, but a significant proportion of that small pool of 

remaining embryos never grew. Germinability of undissected seeds was 92%, slightly lower than 

when fresh, though not significantly so. The same test had been performed 2 months previously, with 

less precise measurement, but with similar results. 

 

  

Figure 4.8: Correlation of average Clematis vitalba seed embryo size with proportion of seeds germinated while incubating 
in alternating temperatures (20/30°C) and light (16h/8h). Seeds were collected in September 2020, stored dry at 5°C, and 
then tested in May 2022. 

 

 

Figure 4.9: Clematis vitalba seed at the point of radicle breakthrough (left). The same seed, showing size of non-dormant 
embryo relative to seed (as opposed to the dormant embryo shown in Figure 4.2) 
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the vine at least until June were significantly more germinable than May seeds, and those not 

collected until September were significantly more germinable than winter seeds, suggesting a seasonal 

progression out of dormancy. Moreover, despite being from a cohort of overall lower viability, Cohort 

3 winter seeds, collected the second week in July, were significantly more germinable than Cohort 2 

winter seeds, which were collected the third week in June. This result implies that even 3 extra weeks 

of after-ripening can cause a significant reduction of physiological dormancy. 

Treatment also had a sizeable influence on germinability. Autumn seeds incubated in the dark that did 

not decay remained dormant. Also, winter seeds in the dark treatment were much more likely to 

remain dormant than germinate or decay. In spring, dark seeds were more likely to germinate than 

winter seeds, but not as well as seeds in the other two treatments, control and KNO3, which included 

fluctuating light periods. Incubation in complete darkness was chosen to simulate seed burial 

following dispersal. This result shows that light can promote germination in non-dormant and 

conditionally dormant OMB seeds, and that buried seeds are less likely to germinate than those 

exposed to light at the soil surface. Furthermore, exogenous nitrogen together with light (KNO3 

treatment) stimulated germination even more than light alone, which confirms the findings of others 

(Bungard et al. 1997b). The addition of KNO3 simulates higher soil nitrogen availability to plants in 

spring. This occurs when soil fauna respond to warmer temperatures by increasing activity and 

decomposing organic matter at higher rates, which results in higher levels of inorganic nitrogen being 

released. If temperatures and other conditions mimic spring conditions, seeds then respond to the 

presence of the increased nitrogen levels (Taylor et al. 1982, Dawes et al. 2017). 

Production of a large quantity of seeds appears to be a common life history strategy for invasive plant 

species: Mason et al. (2008) found that woody invasives produce >26 times more seeds than their 

native congeners, thus improving their chances of establishment after dispersal. An average of 72% of 

OMB seeds in this research did not appear viable at collection and were discarded before incubation 

began. Spring provides the most favourable conditions and is the most natural season of germination 

for OMB. Yet, September seeds in the control treatment decayed an additional 3% during incubation 

and another 5% tested non-viable following incubation. It is unknown what proportion of that 5% 

were never viable, and what proportion lost viability during the experiment, but based on these 

results, it is reasonable to assume that the percentage of seeds annually produced by OMB that remain 

germinable or dormant is less than 72%. That said, 72% of 70,000/m2/yr (estimated total seed 

production) is 50,000/m2/yr, a number which still offers formidable colonisation/invasion potential.  

4.4.2 Dormancy change over time 

Although too few to be indicative of the population, the six additional KUM collections incubated in 

November 2019 and 2020, January 2020 and 2021, and March 2020 and 2021were useful, in that they 
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after-ripening during winter, artificial chilling was also observed to prompt accelerated germination 

onset and time to 50% germination (Section 3.3.3) (Lhotská 1974, Van Gardingen 1986, West 1992, 

Bungard et al. 1997b, Vinkler et al. 2004, Picciau et al. 2017).  

4.5 Conclusions 

The results of this study showed that mature OMB seeds on the mother plant persist in complete 

morphophysiological dormancy throughout autumn. Thereafter, although asynchronous seed 

development leads to non-uniform seed dormancy levels, OMB seeds follow a pattern of progressive 

physiological dormancy loss throughout winter. Morphological dormancy does not experience the 

same seasonal shift; seed embryos do not grow until conditions appropriate for germination present 

themselves, usually in the spring. Despite the lack of embryo growth during stratification, the 

alleviation of physiological dormancy is accompanied by a shortening of the period needed to break 

morphological dormancy once seeds are exposed to the right conditions. Quicker germination under 

optimal conditions improves the chances of seedling establishment. 

This experiment found that less than 72% (< 50,000) of total OMB seeds produced are viable. That is, 

approximately 28% of seeds are aborted or diseased (too small or flat) or eaten while still attached to 

the mother plant. A further small proportion of decay occurs post-dispersal, even under very 

favourable conditions. Length of after-ripening (level of dormancy) appears to be critically important 

for determining whether OMB seeds will remain viable post-dispersal. That is, fully dormant autumn 

seeds decay at higher rates than non-dormant or partially dormant seeds, if exposed to moisture and 

warm temperatures normally adequate for germination. At the other extreme, spring seeds are highly 

germinable, with low levels of decay and dormancy. 

The post-dispersal environment also effects seed survival. Light is not essential for OMB germination, 

but lack of light exposure increases chances of seed decay or dormancy, even when seeds are fully 

after-ripened and conditions are otherwise suitable for germination. This result suggests that seeds 

that become buried would also be more prone to decay or remain dormant until disturbance brings 

them to the soil surface and allows for enough light exposure for germination. Also, except in fully 

dormant seeds, the addition of nitrogen enhances OMB seed germinability, indicating that chances for 

successful germination improve with increased levels of nitrogen in the soil. Nonetheless, successful 

germination is not always followed by successful seedling establishment. Chapter 6 will address 

OMB seedling emergence, establishment, and survival in different levels of competition. 

A small fraction of spring seeds on the vine remains dormant (up to approximately 8%). However, as 

mentioned in Section 2.5, due to low supply and lower chances of long-distance dispersal, seeds that 

persist past the peak dispersal season, regardless of their state of dormancy, do not make an important 
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for burial, 100 achenes with styles intact, mixed with 20 g of washed, fine landscape sand were placed 

in 7.5 cm x 10 cm polyester gauze bags. Thirty-two bags of achenes from each of the two populations 

were made up for each site, 16 for burial at 2 cm and 16 for burial at 5 cm. For retrieval purposes, one 

end of a 30 cm piece of string was tied to the bag, and the other end to a nursery label, which had 

details of burial site, bag number, population source, and burial depth. Two labels (one each for 2 cm 

and 5 cm burial depth) were taped securely to a 15-cm galvanised nail. Bags were buried randomly 

in pairs, and the nails were driven into the ground between each 2 cm/5 cm pair following burial. 

Grazing exclusion cages were used to cover the plots, to discourage rabbit burrowing (Figure 5.1).  

                  
 
 
 
 
 
 
 

  
  
 
 

 

 

 

 

 

 

Figure 5.1: Buried seed experiment set-up, clockwise from top left: 100 seeds mixed with 20 g sand buried in 
polyester gauze bags; labels of randomly buried bag pairs; Poultry Farm Road site; Moginie Block site. 
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determine if seeds at different dormancy levels respond differently to burial, a second, 1-year 

experiment was conducted, using seeds collected and buried in mid-winter (June 2020), which would 

have been conditionally dormant (see Section 4.4). Seeds were collected from the same two 

provenances used in Experiment 1, and the bags were filled in the same way, and the same two burial 

sites were used. Bags were randomly assigned to spots in the original burial sites vacated when 

Experiment 1 bags had been retrieved. Experiment 2 bags were buried only at the 2 cm depth, each 

randomly assigned to one of three retrieval dates: 3 months, 6 months, 12 months. Eight bags were 

removed from each site per retrieval date, four from each population source. Seed germination and 

viability tests were again performed on the recovered seed in the same way as Experiment 1. 

5.2.4 Analysis 

A factorial analysis of variance (ANOVA) was performed on data from each experiment separately in 

R, version 4.2.0, after transforming the data with rank-based, ordered quantile normalization (ORQ), 

which was chosen following a comparison of alternative transformations with a Pearson P goodness 

of fit statistic. Akaike Information Criterion (AIC) model selection was used to compare different 

models: a full interaction model, a first order interaction model, and a model with no interactions. 

Packages used were: bestNormalize, lmtest, and AICcmodavg (Zeileis and Hothorn 2002, Mazerolle 

2020, Peterson and Cavanaugh 2020, Peterson 2021, R Core Team 2021). In each case, the best-fit 

model, carrying 100% of the cumulative model weight, included every parameter with no interaction 

effects. Model diagnostic plots on the untransformed and transformed data and model selection tables 

based on AIC are shown in Appendix C (Figures C.1-C.4; Tables C.1, C.2). For Experiment 1, 

independent variables were population source, burial site and burial depth, each with two levels, and 

retrieval time, with eight levels. For Experiment 2, independent variables were population source and 

burial site, with two levels each, and retrieval time, with three levels. The response was the proportion 

of viable seeds remaining in each buried bag. Contrasts were then made between levels of statistically 

significant factors using Tukey honestly significant difference (HSD) tests. 
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The ANOVA model for Experiment 1 (Table 5.2) revealed that there were significant differences 

among and between levels of all four independent variables (p<0.01).  

Table 5.2: ANOVA summary of data transformed with ordered quantile normalization for Experiment 1, showing the effect 
of burial length (retrieval date), burial site (site), burial depth (depth), and provenance (population) on viability of Clematis 
vitalba seeds buried from September 2019 to September 2021. Significance codes: < .05*, < .01**, < .001***. 

 
Df Sum Sq Mean Sq F Value Pr(>F) 

retrieval date 7 27.28 3.9 12.115 <0.001***  

site 1 6.24 6.24 19.406 <0.001***  

depth 1 33.37 33.37 103.734 <0.001***  

population 1 3.02 3.02 9.382 0.0027**  

residuals 117 37.63 0.32 
  

 

 

Burial depth was decidedly the most influential factor in seed viability (F1, 117 = 103.374, p < 0.001), 

with significantly more seeds remaining viable at 5 cm than at 2 cm (p < 0.001, 95% C.I.  = 1.021 

[0.823, 1.220]). Of the two burial sites, seeds buried at PFR were significantly more likely to remain 

viable than those buried at MOG (F1,117 = 19.406, p < 0.001), 95% C.I.  = 0.442 [0.243, 0.640]), and 

seeds from the WFR population were significantly more likely to remain viable than those from KUM 

(F1,117 = 9.382, p =0.003), 95% C.I.  = 0.307 [0.109, 0.506]). Results from multiple pairwise 

comparisons (Figure 5.4) made clear that the significant effect of time spent buried on seed viability 

(F7,117 = 12.115, p < 0.001) was due to significantly lower survival from months 15-24 than from 

months 3-9. Seed survival did not significantly decline in the second year of burial, between months 

15 and 24: during that period, 38% of bags buried at 2 cm contained at least one viable seed (an 

average of 0.25% of total seeds at MOG, and 0.44% of seeds at PFR), as did 89% of bags buried at 5 

cm (2.6% at MOG and 8.3% at PFR).  
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Figure 5.4: Comparisons plot of seed viability for all possible retrieval times (3, 6, 9, 12, 15, 18, 21, 24 months) in 
Experiment 1, in which buried Clematis vitalba seeds were retrieved at 3-month intervals over a 2-year period (September 
2019-September 2021). Significant groupwise differences are shown where the 95% confidence interval does not include 
zero.  

 

Conditionally dormant seeds buried in June 2020 (Experiment 2) seemed to follow the same cyclical 

pattern of dormancy that non-dormant seeds buried in September 2019 followed, i.e., little to no deep 

dormancy in the spring and winter retrievals, and a partial dormancy in winter (Figure 5.5).  Indeed, a 

large majority of both sets of seeds (September 2019 and June 2020) were germinating in-situ at the 

time of retrieval in September (this also occurred both years in Experiment 1; Figure 5.6). 
 

Differences in mean levels of retrieval time 

95% family-wise confidence level 
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Figure 5.5: Proportion of viable Clematis vitalba seeds after burial for 3, 6, and 12 months (June 2020-June 2021, 
Experiment 2) at two agricultural sites in Palmerston North, NZ (MOG = silt loam soil, PFR = fine, sandy loam). Seeds were 
collected from two separate populations (KUM, WFR) in the Tararua District, NZ. Germinable = seeds that germinated 
during a 28-day incubation following retrieval (in alternating dark and light (16h:8h) with alternating temperatures 
(20/30°C)); Dormant = seeds that remained viable but dormant throughout the incubation period. 

 

 

Figure 5.6: Germination of buried Clematis vitalba seeds at the time of retrieval, September 2020 (early spring). Left: 
germination of seeds buried 5 cm deep for 1 year, non-dormant at burial; right: germination of seeds buried 2 cm deep for 
3 months, conditionally dormant at burial. 
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Figure 6.1: Experimental plots showing competition treatments at Treeline site (left) and M��nuka 2 (right) on sowing day, 
September 2020: L (Long)= uncut, long grass; C (Cut)= grass cut to 4 cm; B (Bare)= bare soil. 

 

Vegetation samples were taken outside of the sown plots, using a 50 cm x 50 cm quadrat to estimate 

percent dry matter composition at the beginning of each experiment: 18 samples at M1, and 12 each at 

M2 and TL. Half of the samples were intended to represent the initial competition (4 cm) present in 

the Cut plots. These were cut down to 4 cm prior to sampling. The other half were samples of uncut 

vegetation, representing competition present in the Long plots (Table 6.1). Figures for samples at M1 

and M2 were particularly high in some cases, due to the density of the grasses and an accumulation of 

dead matter in the ungrazed sites. The expectation was that this site would be similar to many other 

waste areas and riparian zones. In Experiment 2, to get an indication of how the dry weight might 

have changed between spring 2020 and autumn 2021, six additional 50 cm x 50 cm quadrat samples 

were taken in April 2021. 
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Table 6.1: Average dry weight of ground-based vegetation in kg/ha in plots cut to 4 cm (Cut) and uncut plots (Long) at three 
sites: M��nuka 1 (M1), M��nuka 2 (M2), Treeline (TL). Samples taken in late spring (November 2019), early spring 
(September 2020) and mid-autumn (April 2021). 

 M1 

November 2019 

M2 

September 2020 

TL 

September 2020 

M2 

April 2021 

TL 

April 2021 

Cut 5,822 5,187 3,500   

Long 21,244 13,920 4,947 10,893 3,513 

 

Soil samples were tested at Hill Laboratories in Hamilton, New Zealand, using their standard 

techniques. Analysis results of soil organic matter, pH, phosphorous, calcium, magnesium, potassium, 

sodium, cation exchange capacity, base saturation, and texture are given in Table 6.2. Soil type at all 

three sites is a silt loam, and, according to S-map online (Landcare Research NZ Ltd 2019), is 

moderately deep and poorly drained. At TL, the ubiquitous presence of shallow tree roots made it 

difficult to obtain sufficiently deep soil cores and made it difficult to completely remove the grass root 

system. As nutrients are stratified in the soil, with more in the upper than lower parts (Brady and Weil 

1999), elevated levels of base minerals, organic matter and cation exchange capacity in the shallow 

samples at TL reflect that. Also, because of recent grazing at the site, stock sheltering underneath the 

trees from adverse weather could have contributed to the higher cation levels by their excretions. At 

M1 and M2, which had not been grazed in several years, no excretions or fertilizer had been added. 

  

Table 6.2: Soil characteristics at the two experiment locations: Manuka 1 & 2 are adjacent, largely open, ungrazed sites and 
were sampled as one location; Treeline is a recently grazed site underneath a windbreak (OM = organic matter; CEC = 
cation exchange capacity; me/100 g = milliequivalents per 100 grams of soil). 

 

Site Ratio 

Sand:silt:clay 

pH %OM Olsen 
P mg/L 

K 

me/100g 

Ca 

me/100g 

Mg 

me/100g 

Na 

me/100g 

CEC 

me/100g 

% Base 
Saturation 

M��nuka 
1 & 2 

8:69:23 5.9 8.94 48 1.17 7.7 1.48 0.14 17 62 

Treeline 7:66:27 5.9 21.40 41 1.33 10.5 5.16 1.16 33 56 

 

Achenes of OMB were collected in September from two populations both years (see Section 4.2.1). 

After discarding achenes that were flat, eaten or smaller than 50% of the average size, all seeds were 

stored dry at 5°C until the day of sowing. On the day of sowing, seeds from both populations were 

mixed together. Average laboratory germinability of a sample of the seeds in complete darkness was 

observed to be approximately 37% in September 2019 (see Figure 4.4). In anticipation of an 

equivalent number of seedlings emerging for this experiment, 100 achenes were sown in each plot, 
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just under the soil surface in five lines 20 cm long and 5 cm apart (see Figure 6.2). The second cohort 

of seeds from September 2020 were 48% germinable in the same laboratory conditions. 

  

 

Figure 6.2: Sowing lines in the middle 20 cm of a 60 cm x 60 cm bare plot, November 2019. 

 

Over the course of the experiment, weather data from the nearby AgResearch weather station were 

recorded (Figure 6.3). The maximum average daily temperature ranged from 24.6°C in February to 

14.5°C in July. No supplemental watering was provided to the plots. 

 

 
Figure 6.3: Mean total monthly rainfall (mm) and mean monthly minimum (Tmin) and maximum (Tmax) temperature (°C) 
over the duration of the two experiments (Experiment 1: November 2019-November 2020; Experiment 2: September 
2020-September 2021). 
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thistle (Cirsium vulgare), broad-leaved dock (Rumex obtusifolius), and sow thistle (Sonchus 

oleraceus) having colonised the IBare plots in small numbers. 

  

Figure 6.5: Surviving Clematis vitalba seedlings with senescent stems in a plot kept bare by hand weeding during the first 
year of growth. Left: new, early spring growth, right: early spring dormant seedling shoot with a healthy root system. 

 

Because of poor emergence, Poisson models showed very little variation among blocks and no 

treatment effect in M1, at either Week 10 or 52 (Figure 6.4; Appendix D, Table D.1). At M2 

(Appendix D, Table D.2), where more seedlings emerged than at the other two sites, initial seedling 

establishment (Week 10) was significantly different among all treatments (<0.001), with MBare plots 

having the highest emergence (average 36%), Cut plots the next highest (average 29%), followed by 

IBare plots (average 19%), and Long plots (0%). Survivability at the MBare treatment (average 27%) 

remained significantly higher (<0.001) than all other treatments (0%) at Week 52. 

At TL, initial seedling establishment occurred in every treatment (Figure 6.6). Grass and other weeds 

were slow to regrow in IBare plots, which remained largely bare through to Week 10. Thus, there was 

no significant difference between seedling numbers in the MBare and IBare treatments at that time.  A 

Poisson model for Week 10 at TL showed a treatment effect and a very small block effect, with both 

the Long and Cut treatments resulting in significantly less seedling establishment (<0.05) than the 

IBare treatment, reflecting what seems to be apparent from the observed data. However, due to 

overdispersion, a more conservative, negative binomial was fitted, which resolved the overdispersion, 

but did not detect a block or treatment effect (Appendix D, Table D.3).  
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Figure 6.6: Average Clematis vitalba seedling survival (raw data) per plot over a 2-year period (September 2020-September 
2022) after sowing (100 seeds/plot) at a recently grazed, sparsely vegetated, dry site, beneath a row of pine trees. MBare = 
plots maintained bare (bare at the time of sowing, kept weeded and trimmed throughout the 1st year of the experiment, 
but not the 2nd year); IBare = plots initially bare (bare at the time of sowing, but not weeded or trimmed thereafter); Cut = 
vegetation in plots cut to ~4cm at the time of sowing, but not trimmed again; Long= seeds sown in plots with 
unmanipulated vegetation. Error bars based on arithmetic mean of raw data. 

 

Although not the only treatment with seedlings that survived to Week 52 at TL, the largest proportion 

of seedlings persisted in plots kept bare by weeding (MBare): significantly more seedlings survived in 

the MBare treatment (<0.05) than in any other treatments. Only a small fraction of seedlings in the 

IBare and Cut treatments survived the winter, with no seedlings in the Long plots surviving. By Week 

61, new seedlings had emerged in the Cut plots (average 0.25 seedlings/plot at Week 52; 1.75 

seedlings/plot at Week 61) and the Long plots (0 seedlings/plot at Week 52; 4.5/plot at Week 61). 

Significantly more seedlings were found in the Long plots (p <0.05) than in the IBare plots at Week 

61, where all first-year seedlings had died and no new seedlings had emerged. By the end of the 

second year (Week 104), there was again a higher proportion of seedlings in the MBare treatment than 

any other, but so few seedlings persisted that there was no significant difference among any 

treatments. At the end of the 2nd year (Week 104), Cut plots averaged 0.75 seedlings/plot and Long 

plots were again at 0. 

Apart from the critical decline in survival over winter, in IBare plots at M2 and TL, as well as in Cut 

plots at all three sites, seedling numbers declined over the summer. In addition to competition, water 

stress, heat stress and herbivory likely contributed to summer seedling loss. Summer leaves on most 

of the seedlings at TL, as well as on some seedlings at M1 and M2 in MBare plots, turned reddish-

purple, caused by production of anthocyanins, a sign of environmental stress (Kovinich et al. 2015) 

(Figure 6.7). Also, some seedlings were chewed down to the ground, most probably by rabbits or 

ducks.  
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Figure 6.7: Stressed Clematis vitalba seedling leaves with anthocyanin pigmentation at the Treeline site.  

 

Of the two sites sown in 2020 for Experiment 2, fewer total seedlings emerged at TL (164) than at M2 

(270). By 6 months, all seedlings at TL remained single-stemmed, and average TL seedling height 

was 2.4 cm (Figures 6.8, 6.9).  

 

 

Figure 6.8: Average stem length of Clematis vitalba seedlings after sowing in four levels of competition (MBare = plots 
maintained bare (bare at the time of sowing, kept weeded and trimmed throughout the 1st year of the experiment, but 
not the 2nd year); IBare = plots initially bare (bare at the time of sowing, but not weeded or trimmed thereafter); Cut = 
vegetation in plots cut to ~4cm at the time of sowing, but not trimmed again; Long= seeds sown in plots with 
unmanipulated vegetation) at Treeline (TL) site sparsely vegetated, dry site beneath a row of pine trees. All seedlings 
between Weeks (WK) 10-61 remained single-stemmed. At Week 67 (WK 67), seedlings in treatment A and C were multi-
stemmed and seedling average stem length was multiplied by the average number of stems to reflect average total stem 
length/plant. 
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Figure 6.9: Size and vigour of Clematis vitalba seedlings 25 weeks after sowing in plots kept bare by weeding at two 
different sites: Treeline (left),  a sparsely vegetated, dry site, beneath a row of pine trees; and M��nuka 2 (right), a densely 
vegetated site interspersed with m��nuka plants. Distance between pegs, both left to right and top to bottom is 60 cm. 

 

In contrast, M2 seedlings had an average of 2.5 stems each by 6 months, and average stem length was 
36 cm (Figures 6.9, 6.10). 

 

 

Figure 6.10: Average stem length of Clematis vitalba seedlings after sowing in three levels of competition (MBareA = plots 
maintained bare (bare at the time of sowing, kept weeded and trimmed throughout the 1st year of the experiment, but 
not the 2nd year); IBare = plots initially bare (bare at the time of sowing, but not weeded or trimmed thereafter); Cut = 
vegetation in plots cut to ~4cm at the time of sowing, but not trimmed again; at Manuka 2 (M2). All seedlings in IBare and 
Cut treatments remained single-stemmed. By 15 weeks (WK 15), seedlings in treatment MBare had developed multiple 
stems and average seedling height was multiplied by the average number of stems to reflect average total stem 
length/plant. A fourth treatment, where seeds were sown in plots with unmanipulated vegetation, prevented all seedling 
emergence. 
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kept in a shade house, with no supplemental light, but with regular hand weeding. Overhead watering 

was provided once daily for 20 minutes (flow rate of 0.87 ml/minute) from September to 23 

December and increased to twice daily from 23 December until the end of the experiment. 

Temperature in the shade house was monitored with a HortPlus MicroLogger. The maximum daily 

temperature ranged from 19.29 °C in September to 27.27 °C in January (Figure 7.3). Four months 

after burial, fragments were removed from the trays. As a measure of regeneration, the presence of 

any nodal growth and the number and length of shoots at each node were recorded. 

 

Figure 7.3: Mean monthly overhead water volume and mean monthly minimum (Tmin) and maximum (Tmax) temperature 
(°C) over the duration of the experiment, 19 September 2021-25 January 2022. 

 

7.2.2.1 Experiment analysis  

A two-stage analysis was carried out using R statistical software, version 4.2.0 (R Core Team 2021). 

First, analysis of stem regeneration (presence of shoots 4 months after cutting; yes/no) was made by 

fitting a binomial logistic mixed effects regression model, with the lme4 package (Bates et al. 2015). 

Stem type (creeping or climbing), initial stem diameter, and initial presence of an active bud (whether 

root or shoot) were included as fixed effects; tray was included as a random effect. As only 10% of 

creeping stem fragments were from below ground, no differentiation between above and belowground 

was made. 

Second, an analysis of regeneration yield was made by 1) fitting a Poisson mixed effects model to 

predict the number of shoots produced from fragments that regrew, using the lme4 package (Bates et 

al. 2015); and 2) fitting a linear regression mixed model to predict the total length of new shoots 

produced, with the lmerTest package (Kuznetsova et al. 2017). Stem type and initial stem diameter 
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were included as fixed variables, with tray as a random variable. For the linear model, assumptions of 

normality and heterogeneity of variance were violated, so a standardised square root transformation 

was performed on the data before fitting the model (the most appropriate transformation was 

calculated using the bestNormalize package (Peterson 2021)).  

For each analysis, stem provenance (origin) was also initially included as a random effect. However, 

all models including both random effects returned singular matrices, which generally is an indication 

of overfitting, with an increased chance of a false positive outcome (Bates et al. 2015). To achieve a 

non-singular fit, stem provenance was removed as a predictor for all final models. All models were 

selected based on AIC and goodness of fit calculated with the DHARMa package (Hartig 2022); plots 

of simulated residuals are shown in Appendix E, Figures E.1-E.4. Multicollinearity of fixed predictors 

was calculated using the variance inflation factor (VIF) with the car package (Fox and Weisberg 

2019), and visualization of the Poisson and binomial models was accomplished with the effects (Fox 

2003) and sjPlot packages (Lüdecke 2022). 

7.3 Results 

7.3.1  Results: Observational study  

In the ten plots (excavated in mid-summer), OMB formed a complex lateral network of stems, roots, 

and shoots (Figure 7.4).  

 

 
Figure 7.4: Typical Clematis vitalba lateral stem network. About half of this network was above ground, the other half 
buried within 30 cm of the soil surface. 
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Figure 7.5: Multiple shoots and roots from one Clematis vitalba stem node. 

 

7.3.2 Results: Fragment regeneration experiment 

At the end of January, 4 months after collection, 48.7% of all stems (48.0% of lateral stems and 

49.4% of vertical stems) had produced new shoots and roots and were growing as individual ramets. 

All new growth originated from the nodes (32% of all nodes: 30% of lateral stem nodes and 34% of 

vertical stem nodes; Figure 7.6). 

 

Figure 7.6: Regrowth on a 2-node, 30 cm Clematis vitalba stem fragment 4 months after burial. 










































































































































































































































































