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PRELIMINARY RESULTS FOR A FIELD SEED SOW TRIAL OF  
CYANEA SUPERBA SUBSP. SUPERBA: GERMINATION MONITORING 

INTRODUCTION 

Several factors are known to limit successful recruitment of Cyanea superba subsp. superba, 
including seedling predation by slugs, seed predation by rats, and senescence of undispersed fruit (Joe and 
Daehler 2008, Shiels and Drake 2011, Pender et al. 2013, OANRP 2015, OANRP 2016). Other factors 
that may limit successful recruitment include soil moisture, light availability, temperature, relative 
humidity, and competition with other plant taxa. Despite having typically high seed germination rates in 
fresh mature fruit, rat and weed control at all Manage for Stability (MFS) sites, and slug control at some 
MFS sites, limited recruitment of C. superba subsp. superba occurs at Oahu Army Natural Resources 
Program (OANRP) MFS sites (OANRP 2017a, OANRP 2017b). Mature fruits are fleshy and presumed to 
have evolved for bird dispersal. Recruitment occurs at the Kahanahaiki MFS primarily beneath parent 
plants, but survivorship is poor. The Pahole to Kapuna MFS has had very limited recruitment and 
survivorship, also beneath parent plants. There has been some successful recruitment and survivorship at 
the Makaha and Palikea MFSs in recent years both in proximal and distant locations from parental 
sources, some of which has occurred in unexpected locations, such as dense Blechnum appendiculatum 
ground cover at Palikea. Outplants have not matured at the Manuwai MFS, and its capacity for successful 
regeneration remains unknown. Thus far, no seedlings have survived to maturity at any site. Controlled 
comparisons of germination and survivorship have not been examined across the MFS sites. In order for 
OANRP to achieve goals of long term self-sustaining C. superba subsp. superba populations, these issues 
must be taken into consideration. A field trial was implemented to assess the relative success rates for C. 
superba subsp. superba recruitment from sown seeds both in the short term (plants surviving to outplant 
readiness size, > 25 cm) and the long term (plants becoming reproductive) in relation to environmental 
conditions that may influence germination and survival at four OANRP MFS sites (Kahanahaiki, Makaha, 
Manuwai, and Palikea) as well as a potential future MFS site (Opaeula Lower) under consideration 
(Figure 1). Preliminary results pertaining to germination monitoring are reported. 

METHODS 

Trial Design 

Cyanea superba subsp. superba seeds stored at 20% relative humidity (RH) and 4° C in the 
OANRP seed laboratory for one to two years were used in the trial. Viability of the stored seed (n = 50) 
was assessed in the OANRP seedbank laboratory to estimate number of viable seeds sown per plot. Soil 
seed bank persistence for C. superba subsp. superba is unknown. To estimate how many years would be 
necessary for monitoring plots with no seedlings, testing was initiated to determine the potential for seeds 
(n = 100) from fresh fruit to germinate after being kept in the dark on petri dishes in a growth chamber for 
6 months, and 1, 2, 5, and 10 years as a proxy for the potential of persistence in the field. An estimated 
179 viable seeds (equivalent to the number of seeds within 1-2 fruits) were sown in each of 100 plots 
measuring 30 cm by 30 cm at each site. Control plots (4-5 per site) with no added seeds were also 
established in order to gauge natural C. superba subsp. superba recruitment levels at the site. Plots were 
established in areas deemed appropriate habitat for C. superba subsp. superba (not necessarily within 
existing reintroduction sites), and where no potentially disruptive future management is planned (Figure 
2). Plots were spaced one to two meters apart, with the aim of haphazardly positioning plots in diverse
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Figure 1. Locations of Cyanea superba subsp. superba field seed sow trials at OANRP management units. 
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Figure 2. Photographs 
showing the diversity of C. 
superba subsp. superba seed 
sowing sites used in the study, 
with varied vegetation and 
levels of understory cover. 
Clockwise from top left: 
Kahanahaiki, Mahaka, 
Opaeula Lower, Palikea, and 
Manuwai. Pin flags visible 
within photographs are seed 
sow plot markers. 

microhabitats. Plots were not positioned directly on rocks, stream bottoms, vertical slopes, or within 2 m 
of outplanted C. superba subsp. superba individuals. Plots in areas frequented by natural resource 
managers were delineated by string and pin flags in all four corners with a numbered write-on metal tag 
affixed to one of the pin flags. Plots in areas less heavily frequented were simply marked with a single pin 
flag and a numbered write-on tag in the center of the plot. Field crews were informed of the trial 
locations, and instructed to avoid disturbing them. The trial was initiated during the winter season (Table 
1), to generally correspond with the natural timing of C. superba subsp. superba fruit maturation and seed 
dispersal. All plots were mapped to facilitate monitoring. 
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Table 1. Dates C. superba subsp. superba seeds were sown and germination 
monitored at trial sites. Sow dates and days elapsed between sowing and 
monitoring differed across sites due to logistical constraints.  

Site Date sown 
Date 
monitored 

Days elapsed between 
sowing and monitoring 

Kahanahaiki 2017-02-15 2017-04-12 56 
Makaha 2017-01-24 2017-03-30 65 
Manuwai 2017-02-23 2017-05-08 74 
Opaeula Lower 2017-03-07 2017-05-24 78 
Palikea 2017-02-07 2017-04-20 72 

Environmental data was recorded at each plot, including soil moisture (using a General Digital 
Moisture Meter DSMM500, at time of sowing and during germination monitoring, with mean moisture 
per plot used in analyses), canopy openness (using hemispheric photography with a Canon PowerShot 
SX60 HS camera 2 m above ground level aimed 180° from the forest floor during initial sowing), 
understory cover (visual estimates at 10% intervals), and dominant understory taxa. Temperature and 
relative humidity were measured using a single data logger at each site (Onset HOBO U23-001, logging 
every 30 minutes, with data offloaded annually). Relative slug abundance was also documented at each 
site, corresponding with the timing of germination monitoring. This was accomplished using baited pitfall 
traps (McCoy 1999) consisting of 10 StyrofoamTM cups per site, placed in holes so that their openings 
were level with the soil surface and baited with six oz. of beer (Pabst Blue Ribbon). Pitfall traps were set 
and checked 2-3 times per site, with the number of days elapsed prior to checking ranging from 8 to 28 
days, and a total combined number of trapping days among sites ranging from 33 to 54.  

Molluscicide was not used at any of the sites, as it was determined that for the purposes of the 
trial, logistical limitations imposed by Sluggo® use outweighed the problem of slug pressure. Based on 
prior research, slugs account for roughly 50% mortality of seedlings (Joe and Daehler 2008). It was 
anticipated that the large sample size would offset the problem of higher mortality rates resulting from 
slugs (as well as other stochastic events). Using Sluggo would greatly limit the locations in which plots 
may be placed due to label restrictions associated with native snails in proximity to application sites. 
Further, it would require extensive repeated snail surveys to ensure that label restrictions are met. Existing 
slug controlled areas were not large enough to support the scale of the trial. In order to have equivalent 
slug pressure among plots, they would have to be spaced much further apart, necessitating expansion into 
inappropriate habitat, and would take considerably longer to monitor. It would entail two years of 
applying Sluggo over an extensive area every two weeks, or an even larger area every four weeks, which 
surpasses OANRP resource capacity. Ultimately, it would necessitate a greatly reduced sample size, 
limiting our ability to collect sufficient data. If it was determined that Sluggo simply could not be applied 
due to label restrictions at one or more sites, it would limit the ability to make comparisons among sites. 
In short, foregoing slug control allowed for a more robust and meaningful data set, with substantially less 
effort.  

Germination Monitoring Protocol 

Monitoring for germination occurred between 56 and 78 days after seeds were sown. Under 
laboratory conditions, most germination occurs within 60 days. Germination monitoring was intended to 
provide an approximation of germination success. In the field, germination likely occurred gradually over 
several weeks, and at the time of monitoring, some seeds might have already germinated and died, and 
others might not have germinated yet. During monitoring, all seedlings were counted in each plot. Soil 
moisture was also documented, as described above. Germination monitoring occurred only once per site, 
as information regarding longer term survival is of greater interest for the trial than more precise data for 
total germination.  
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Data Analysis 

Gap Light Analyzer (GLA), Version 2.0 software (Frazer et al. 1999) was used to calculate percent 
canopy openness in hemispheric canopy photographs. Differences among sites for environmental 
variables (canopy openness, understory cover, and relative slug abundance (slugs/trap/trapping day)) were 
assessed using Kruskal-Wallis tests. Generalized linear models were used to examine the influence of 
environmental variables (as well as interactions among variables) on seedling counts among plots. 
Poisson models were used when data fit a Poisson distribution and were not overdispersed (Manuwai 
seedling counts), while negative-binomial models were used when assumptions for a Poisson model 
failed (seedling counts for all other sites, and all sites combined). Suitability for a Poisson model was 
determined using one-sample Kolmogorov-Smirrnov tests for Poisson distribution, and Pearson 
dispersion statistics for equidispersion using a standard of chi-square/df < 2. Models were chosen based 
on Pearson dispersion statistics, Akaike information criterion scores, and omnibus tests of whether the 
independent variables improved the model. Within site analyses examined seedling count influences by 
covariates (soil moisture, canopy openness, and understory cover) and factors (geographic plot groupings, 
when applicable). Relative slug abundance was not included as slug data were not directly associated with 
individual plots. Across site analyses examined seedling count influences by covariates (canopy openness, 
understory cover, and relative slug abundance) and factors (site). Soil moisture was not included as 
measurements (as per the methods used herein) among differing soil types are not comparable. Slug 
abundance data consisted of mean slugs per trap per trapping day for each site. Statistical analyses were 
performed using IBM SPSS Statistics Version 24. 

RESULTS 

Seedling counts as well as environmental variables (understory cover, canopy openness, soil 
moisture, and relative slug abundance (slug/trap/trapping day)) differed significantly by site (Kruskal-
Wallis p < 0.001 for each), as did the proportion of plots with seedlings (chi-square: p < 0.001) (Figure 3). 
Four slug taxa were documented in traps, with differing combinations of species and relative abundances 
among sites (Figure 4). Seedlings germinated within understory cover ranging from 0% to 100%, beneath 
canopy openness ranging from 5% to 48%, and (mostly) across the full ranges of soil moisture occurring 
at each site. At all sites, control plots contained no C. superba subsp. superba seedlings. 

Kahanahaiki: This site had relatively moderate numbers of seedlings observed in comparison 
with the other sites. Seedlings occurred in 36% of plots, with a mean of 0.68 seedlings per plot, and a 
total of 71 seedlings. No more than 6 seedlings were present per plot. Plots were in two clusters, one large 
and one small, with seedlings present only within the large cluster. The seedlings contained only 
cotyledons. Some seeds apparently washed slightly out of plots, and resulting seedlings were included in 
seed counts. Among plots, soil moisture was variable. Mean understory cover (31%) was relatively 
moderate, while mean canopy openness (13.3%) and mean slug abundance (0.052 slugs/trap/day) were 
relatively low, compared with the other sites.  

Makaha: Numbers of seedlings observed at this site was by far greater than any other site. 
Seedlings were present in 61% of the plots, with a mean of 15 seedling per plot, and a total of 1534 
seedlings. Most plots with observed germination had 10 or fewer seedlings, though 2 had > 100 seedlings 
(Figure 5). One plot had as many as 113 seedlings. Most seedlings contained only cotyledons, though 
many had emerging true leaves. Plots were in eight clusters, and some clusters of plots had markedly 
better results than others (Figure 6). Some seeds apparently washed slightly out of plots, and resulting 
seedlings were included in seed counts. Soil moisture was variable among plots. Mean slug abundance 
(0.038 slugs/trap/day) was relatively low, and mean canopy openness (11.2%) and mean understory cover 
(6%) were lower than the other sites.  
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Manuwai: This site had relatively moderate numbers of seedlings. Seedlings occurred in 38% of plots, 
with a mean of 0.61 seedlings per plot, and a total of 61 seedlings. No more than 4 seedlings were present 
per plot. Most seedlings contained only cotyledons, though a few had emerging true leaves. One seedling 
(included in count) was slightly outside of a plot, apparently resulting from seed(s) washed out. Soil 
moisture was variable among plots. Mean understory cover (45%) was higher than any other site, while 
mean canopy openness (15.7%) was moderately low compared with the other sites. No slugs were present 
in any traps.  

Figure 3. Germination results and environmental characteristics by site, with a bar graph of the percent of plots with 
seedlings present, and boxplots of seedling counts and relative slug abundance among plots, and box plots of percent 
understory cover, canopy openness, and soil moisture among plots with and without seedlings.  
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Figure 4. Mean relative slug abundance by species among sites. *Relatively large-
sized slug species. 

Figure 5. Photograph of a seed sow plot at Makaha 
showing large numbers of C. superba subsp. superba 
seedlings during germination monitoring. 

Figure 6. Seedling counts among plots in geographic 
clusters at Makaha. 

Opaeula Lower: Numbers of seedlings observed at this site was moderately high in comparison 
with the other sites. Seedlings were present in 53% of plots, with a mean of 2.8 seedlings per plot, and a 
total of 293 seedlings. Most plots with germination had 10 or fewer seedlings. No more than 17 seedlings 
were present per plot. The seedlings contained only cotyledons. Soil moisture was less variable among 
plots in comparison with other sites. Mean canopy openness (19.5%) and mean understory cover (25%) 
were moderate in comparison with other sites. Mean slug abundance (0.084 slugs/trap/day) was also 
comparably moderate, more than twice as much as the abundance at Makaha. 

Palikea: Numbers of observed seedlings at this site was markedly lower than any other site. Only 
2% of plots had seedlings, with a total of 3 seedlings (mean = 0.03 seedlings per plot). The seedlings 
contained only cotyledons. One seedling (included in count) was slightly outside of a plot, apparently 
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resulting from seed(s) washed out. Soil moisture was variable among plots. Mean canopy openness 
(31.6%) and mean slug abundance (0.243 slugs/trap/day, > 6 times that of Makaha) were higher than the 
other sites, while mean understory cover (15%) was relatively low.  

Environmental influences on seedling counts 

Within site: Effects of environmental predictors on seedling counts were variable among the 
sites (Figure 7). Soil moisture influenced seedling counts positively at Kahahahaiki (p = 0.019) (plots 
with higher soil moisture were more likely to have higher seed counts), and negatively at Opaeula Lower 
(p = 0.001) (plots with higher soil moisture were more likely to have lower seed counts). Geographic plot 
groupings, rather than measured environmental variables, influenced seedling counts at Makaha (p < 
0.001). At Manuwai, canopy openness influenced seedling counts (p < 0.001) (plots with greater light 
availability were more likely to have higher seed counts), and there was a significant interaction between 
canopy openness, soil moisture, and understory cover (p = 0.009), with higher seedling counts more likely 
in plots with greater light availability, higher soil moisture, and lower understory cover. Though the few 
seedlings counted at Palikea occurred in plots with lower canopy openness and understory cover as 
compared with other plots, there were not enough plots with seedlings for meaningful statistical analyses. 

Across sites: Site is a significant factor influencing seedling counts (p < 0.001), as is canopy 
openness (p = 0.006) (more seedlings with greater openness, up to 50%), slug abundance (p = 0.015) 
(more seedlings with less slugs), and the interaction between canopy openness and slug abundance (p = 
0.018) (lower seedling counts expected with greater numbers of slugs despite greater canopy openness). 

DISCUSSION 

The divergent seed counts resulting from sown seeds and varying environmental influences reveal 
a somewhat complex picture for the initial stages of efforts to examine the relationship between 
environmental variables and survivorship to outplanting and reproductive stages at diverse sites. Some of 
the results were not particularly surprising, while others were not anticipated, or otherwise enigmatic.  

Within site results of analyses of environmental influences were particularly variable. The 
positive influence of higher soil moisture on seedling counts at Kahanahaiki, which has relatively low 
annual rainfall, and the negative influence of higher soil moisture on seedling counts at Opaeula Lower, 
which has by far the highest annual rainfall, suggests a possible upper and lower limit on soil moisture for 
successful recruitment, as might be expected for a species associated with mesic habitat. The essential 
failure of sown seeds at Palikea was not anticipated, given the successful recruitment observed in the 
vicinity of outplants in other locations at Palikea. However, the low numbers of seedlings is not 
implausible given the likely adverse influence of high slug abundance relative to the other sites. The 
impact of geographic clustering of plots at Makaha rather than soil moisture or percent canopy openness 
or understory cover suggests some unaccounted variable(s) was responsible for highly varied numbers of 
seedlings among clusters of plots. Slugs are an unlikely influence given their relatively low abundance at 
that site. The influence of canopy openness as well as the interaction between canopy openness, 
understory cover, and soil moisture on seedling counts at Manuwai suggests multifaceted relationships 
may occur at some locations. Manuwai had higher understory cover than any other site, which may 
explain why the model for this site was the only one that involved a relationship between understory 
cover and seedling counts.  
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Figure 7. Three dimensional bar 
graphs of mean percent canopy 
openness by percent soil moisture 
and percent understory cover 
among plots with (“yes” column on 
right) vs. without (“no” column on 
left) seedlings in Kahanahaiki, 
Makaha, Manuwai, Opaeula Lower, 
and Palikea.  
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Given the differing seedling counts and environmental influences by site, it is not surprising that 
for across site analysis, site was an influential factor. The negative influence of slugs on seedling counts 
across sites was also expected, and it is not surprising that the strength of this influence would be such 
that it outweighed any positive influence of greater canopy openness across sites. While within site soil 
moisture measurements are assumed to be comparable, they are not comparable between sites. Soil 
moisture could vary in relation to weather at the time of monitoring (monitoring did not occur 
simultaneously), and soil structure and composition differs between sites, wherein soil moisture and the 
amount of available moisture presumably differ by site. Soil with fine particles holds moisture more 
tightly than coarse soil, and as such even if the volumetric water was equivalent, the amount of water 
available to plant roots between soil types would differ. Some of the sites contained thick layers of root 
mat with loose humus on the soil surface, and the presence of air pockets would result in lower moisture 
readings. If comparable data for soil moisture availability was obtained across the sites, it is possible that 
a nonlinear relationship with seedling counts could be found where seedling counts are highest across 
some midrange within the spectrum. 

It is important to note that the number of seedlings observed is not necessarily indicative of how 
much germination occurred. It is possible that not all seeds germinated by the time of monitoring. 
Likewise, more seedlings may have germinated than were observed, but died prior to monitoring. The 
months following seed sowing were unusually dry for the time of year, and may have adversely 
influenced germination at some or all sites. Some heavy rains did occur, however, possibly resulting in 
seeds being buried by soil and debris, where they could have germinated and died. Seeds sown at Palikea 
in particular may have been vulnerable to burial from heavy rains, in addition to slug predation of 
seedlings.  

Plants produce abundant amounts of seed to compensate for high rates of mortality in early life 
stages. Seed germination and early survivorship is contingent upon appropriate light, temperature and 
moisture regimes, and escape from predation and physical disturbance (by fallen litter, uprooting, water 
wash/erosion). These factors may be highly variable in time and location from one season to the next, and 
the results herein should be interpreted with a degree of caution. The degree of slug predation is likely a 
function of slug abundance, which is known to vary greatly over time in OANRP MUs, with much higher 
abundances possible at times than were observed in this study, even at relatively dry locations such as 
Kahanahaiki. Physical disturbance may have considerable impacts on seedling survival. This was 
exemplified in a seedling survival study in Metrosideros/Cibotium rain forest, with 20% estimated 
seedling mortality resulting from fallen Cibotium fronds per year (Drake and Pratt, 2001). During 
germination monitoring, it was often noted that seedlings were present under leaf litter. The extent to 
which seedlings may survive burial under leaf litter remains unknown. 

While assessing environmental influences on initial seedling numbers may produce useful 
information, the survivorship of seedlings to at least the outplanting readiness size (>25 cm) and 
ultimately to reproductive stage will be of equal if not greater importance with respect to gaining insight 
into conditions necessary for self-sustaining populations. Conditions beneficial for higher seedling counts 
may not necessarily be the same as those that favor survivorship to outplanting size or reproductive stage. 

Next steps 

Monitoring survivorship: Survivorship of the seedlings will be monitored annually. The total 
number of plants within designated height classes (<1, 1-25, 25-50, 50-75, 75-100, >100 cm) and stages 
(immature, mature) will be recorded for each plot along with environmental data, as per germination 
monitoring methods. The germination rate was 90% for seeds kept in the dark for six months for soil seed 
bank proxy testing under laboratory conditions. Two percent of seeds kept in the dark did not germinate 
and maintained viability. These results suggest C. superba subsp. superba likely has a transient seed 
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bank, where viable seeds do not persist in the soil beyond one year. Pending laboratory results of seeds 
kept in the dark for one year, it is anticipated that no further germination will occur beyond the first year 
following seed sowing, and monitoring of plots or sites with no surviving recruitment will be unnecessary 
after that time. Exact causes of mortality will remain unknown, and conclusions will be based on any 
observed relationships between survival and environmental variables. The results will give an indication 
of the recruitment potential for dispersed seeds, via either human-mediated dispersal, or bird dispersal 
should it occur, at each of the sites, as well as environmental factors associated with survivorship. 
Graduate student research of the potential for fruit dispersal by birds had success with conspecific 
attraction via bird call playback at sites, however birds were not observed consuming fruits (S. 
MacDondald, pers. comm.).  

New seed sow trial at Palikea: Given the poor germination and/or survival results at Palikea, it 
would be worthwhile to explore the potential for germination and survival from sown seeds in areas with 
slug control, with further analysis of the influence of soil moisture, canopy openness, and understory 
cover. The outcome will not be comparable with the results of this study, as it will occur in a different 
season and will receive slug control, however it may help to demonstrate not only possible environmental 
influences at that site, but also the capacity for recruitment at a site planned for C. superba subsp. superba 
outplanting that will include slug control as a part of threat control management.  
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