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Introduction 
 Ex-situ seed collections are fundamental to the conservation 

and habitat restoration of plant species, particularly those at risk of 
extinction [1-3].  Ex-situ seed collections of threatened and endangered 
plant species are becoming crucial to assist plant reintroduction and 
restoration programs as disturbance intensity and frequency caused 
by global warming and human-induced land use changes affect 
populations in the wild [4].  Ex-situ conservation of seeds represents 
an efficient and cost-effective method of conserving the variation 
within and among individual flowering plant species [5].  Ex-situ seed 
conservation provides broader genetic representation than would 
be possible with living collections [6] because propagation by seeds 
maintains the genetic diversity of plant populations and species [7,8].  
Ex-situ seed bank conservation also provides long-term insurance 
against species or genotype loss until actual or potential threats in wild 
populations can be removed [6]. 

Many species have seeds that can be stored for long periods at 
low moisture contents (3-7%, dry weight basis) and low temperature 
(-18°C) without damage. These seeds are referred as orthodox seeds 
[9].  Ex-situ seed storage has been used successfully for the long-
term maintenance of viable collections of crop and wild species [8] 
and more recently threatened species [6]. Determining seed storage 
behavior of rare wild species is crucial, particularly under the current 
global warming scenarios [10]. However, little is known about seed 
germination and dormancy of many rare and threatened species [11]. 
Thus, studies of optimal seed storage conditions are required to support 
conservation and reintroduction programs of plant species that are at 
risk of extinction [12].  

Populations of the endangered Key tree cactus (Pilosocereus robinii) 
have largely declined in the last decade as a result of increases in soil 
salinity [13] and due to high intensity and frequency of recent hurricane 
storm surges [14]. Hurricanes have particularly affected populations 
that reside below 1.4 m elevation because heavy rainfall and storm 
surges highly affect this species, which prefers lightly shaded, well-
drained upland sites with little or no soil development [15]. Increased 
rate of sea level rise may exacerbate storm surge of low-lying coastal 
habitats and may cause saltwater to infiltrate the ground water and raise 

soil salinity [13]. Physiological stress, mortality or limited recruitment 
may result if soil salinity increases beyond the tolerance levels of 
Pilosocereus robinii [13]. Habitat destruction and alteration have 
further reduced the population size of Pilosocereus robinii. Therefore, 
there is an immediate need to secure germplasm of this rare species at 
an  ex-situ location [13]. Whether or not seeds of Pilosocereus robinii 
could be stored under low humidity and low temperature conditions 
without losing their viability was not known. In this study we tested the 
tolerance of Pilosocereus robinii seeds to orthodox storage conditions 
and specifically addressed the following question: Do Pilosocereus 
robinii seeds withstand dry storage conditions under low humidity 
(25% RH) and low temperature (-20°C) without losing their viability.

Methods
Study species

The federal and state listed endangered Pilosocereus robinii occurs 
in the Florida Keys and Cuba (Figure 1). This columnar cactus grows 
up to 10 m and predominantly reproduces vegetative when wind-
thrown branches produce roots and give rise to new upright stems 
[13]. In contrast, seed production and dispersal are very limited; from 
2007-2010 only four plants in the Florida Keys produced fruits [13]. 
Fruits are reddish 3.5 cm in diameter, and dispersed by unknown 
frugivores [16]. Fruits produce an average of 536 black and shiny small 
seeds of about 2.5 mm in length [17,18]. Pilosocereus robinii grows on 
limestone soil overtopped with organic soil layer [19] at 0.26-1.71m 
elevations in hardwood hammocks [20]. Since the early 1900s habitat 
destruction and habitat alteration have contributed to the endangered 
status of the species. Great threats to the few individuals, approximately 
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3,360, growing in eight widely separated populations with low sexual 
reproduction triggered the species’ listing as endangered under the US 
Endangered Species Act in 1984 [15]. Early surveys for Pilosocereus 
robinii found that the species had been extirpated from at least three 
Florida Keys, but eight extant populations existed on 5 islands and 
one population of P. bahamensis, Byles and Rowley [21] was identified 
on Key Largo. In 2013, there were six populations comprising 
approximately 350 stems in the Florida Keys (unpublished data). 
Urban development continues to be the worst threat to this species. 
Although fire is rare in hardwood hammocks, it has the potential to 
devastate a population [22]. 

Seed orthodox storage

To determine whether Pilosocereus robinii seeds withstand storage 
under low humidity and low temperatures we subjected the seeds 
to desiccation and freezing and conducted germination trials. We 
collected 340 seeds from a single parent plant that produced seeds in 
the ex-situ nursery collection at Fairchild Tropical Botanic Garden. 
After cleaning, we stored the seeds under laboratory dry-storage 
conditions in paper envelopes under ambient conditions (21-23°C, 
50% RH) for approximately 11 days until the beginning of germination 
trials. We conducted germination trials for seeds in each of four 
storage conditions: 1) fresh seeds under ambient conditions, 2) seeds 
desiccated at 21-23°C, 25% RH for 3 days, 3) seeds desiccated at 21-
23°C, 25% RH for 3 days and frozen at-20°C for one week and 4) seeds 
desiccated at 21-23°C, 25% RH for 3 days and frozen at -20°C for 28 
weeks. Seven replicates of 10 seeds each were used for treatments 1 and 
4. Ten replicates of 10 seeds were used for treatments 2 and 3. We dried 
seeds at 25% RH over MgCl salts for three days inside a desiccators
jar. After desiccation, we sealed seeds in foil packs and froze them at

-20°C for one week or 28 weeks. Because scarification with sulfuric
acid has been shown to be an effective method to break dormancy of
Harrisia fragrans (Cactaceae) seeds [23] after the treatments we soaked 
the seeds in 1N sulfuric acid (H2SO4) for one minute, rinsed them twice 
with tap water, and then soaked them in tap water for 15 minutes. We
sowed the scarified seeds in Petri dishes on filter paper and dampened
with plant preservative mixture water (Caisson®). We placed the Petri
dishes on germination racks at 25°C, 50% relative humidity and 24h
photoperiod. We recorded germination radical protrusion two to times 
per week up to 43 days, when no more germination was observed, and
watered the seeds as needed.

Data analysis

For each replicate, we calculated final germination percentage, 
speed of germination (R50) and Mean Germination Time (MGT). 
R50 was calculated as the number of days until 50% of the seeds had 
germinated. MGT was calculated as:  
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where ni is the number of seeds germinated in the time i, ti is the time 
from the start of the experiment to the ith observation, and k is the time 
of last germination [24]. Differences in the final percentage of seed 
germination, R50, and mean germination time were examined with 
One-way ANOVA tests with unequal samples. After each test we used 
Tukey’s HSD post-hoc tests to analyze multiple comparisons of means. 
Analyses were performed in SPSS 2010.

Results
Germination of fresh seeds and seeds stored under low humidity 

and low temperatures began within 5 and 9 days after sowing Figure 2. 
Mean final germination of fresh seeds was 96%. Similarly, mean final 
germination of seeds stored under low humidity and low temperatures 
ranged from 92 % desiccated seeds at 25% RH at 21-23°C for 3 days to 
96 % desiccated seeds at 25% RH at 21-23°C for 3 days and kept frozen 
at -20°C for 28 weeks, Figure 2. Final percent seed germination did not 
differ significantly across storage conditions (F3,30=0.5, P=0.65, Figure 
2).  Germination rate, estimated as the number of days to reach 50% 
of the final germination (R50), ranged from 5 to 9 days and differed 
significantly among seed storage conditions (F3,30=23.04, P<0.0001, 
Figure 3A). Seeds stored under dry conditions of low humidity 
(25%RH) and low temperature (-20°C) for one week reached 50% of 
their germination significantly faster than either fresh seeds stored 
under ambient conditions (21-23°C and 50%RH) or seeds desiccated 
and frozen for 28 weeks Figure 3A. 

Mean Germination Time (MGT) ranged from 0.05 to 2.6 days 
and also differed significantly among storage conditions (F3,30=10.39, 
P<0.0001, Figure 3B). Seeds desiccated at 25% RH at 21-23°C for 3 
days germinated faster than fresh or desiccated and frozen seeds. Mean 
germination time, however did not differ significantly among fresh 
seeds and dry-stored seeds stored at low temperatures Figure 3B.

Discussion
Our results indicate that Pilosocereus robinii seeds can be stored at 

low relative humidity and freezing temperatures without losing their 
viability. Our results agree with those of Goodman et al. [23] who 
found that seeds of Harrisia fragrans, a globally endangered cactus, 
can withstand orthodox storage conditions. Our results also agree with 
studies on cactus species from coastal and arid regions of Brazil, which 

Figure 1: Trees of Pilosocereus robinii growing in the Florida Keys. These 
are estimated to be 5-6 m tall.
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Figure 2: Cumulative Germination Curves (%) of Pilosocereus robinii seeds 
stored under four different experimental conditions: Fresh seeds dried under 
ambient conditions (21°C, 50 % RH), Desiccated (seeds desiccated at 21°C, 
25% RH for three days), Frozen 1w (seeds desiccated at 21°C, 25% RH 
for three days and kept frozen at 20°C for 1 week), and Frozen 28w (seeds 
desiccated at 21°C, 25% RH for three days and kept frozen at -20°C for 28 
weeks). Lines are means +SE (n=10 for conditions 2 and 3, n=7 for conditions 
1 and 4).
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exhibit orthodox seed behavior [25]. In our study, seed germination rate 
exhibited small, but significant differences across storage conditions. 
Desiccated seeds stored at room temperature and desiccated seeds 
stored under low temperature for one week germinated significantly 
faster than recently collected fresh seeds stored at room temperature 
or desiccated seeds stored under low temperature for 28 weeks. 
Differences in germination rates between fresh and stored seeds have 
been observed in other cactus species. Seeds of Opuntia rastrera, for 
example exhibited high germination rates as they aged [26]. Potter et 
al. [27] also found that long dry-stored seeds of Opuntia lindheimeri 
and Opuntia spp. had higher germination rates than recently collected 
seeds. De la Barrera and Nobel [28] found that seeds of Stenocereus 
queretaroensis reached their maximum germination after 12 to 28 
months of dry-storage. Future studies should further assess the effect 
of drying and freezing on the germination rate of seeds collected from 
several parental plants as well as determine if dry and cold stored seeds 
of Pilosocereus robinii remain alive for periods longer than 28 weeks.

The ability of Pilosocereus robinii seeds to withstand drying 
and freezing offers not only a viable option for the long term seed 
conservation of this species in  ex-situ conditions but also suggests that 
seeds may persist in natural soil seed banks for relatively long periods 
as many cacti species that have dormancy have been documented to 
form at least a short-term seed bank if they are able to avoid predation 
[7]. Seeds of Stenocereus griseus from a semi-arid area of Venezuela 
remained viable in the soil for 4 months [29] and germination of stored 
seeds of Opuntia rastrera seeds was higher than recently collected seeds 
[26] indicating that these species could form soil seed banks. Seed 
burial experiments should therefore be conducted to determine the 
ability of Pilosocereus robinii seeds to form persistent soil seed banks in 
situ. Having a persistent seed bank is particularly important for plant 
recruitment in disturbance-prone South Florida ecosystems where 
major hurricane disturbances are frequent. Studies in South Florida 
have found that some rare plant species do regenerate from the soil 
seed bank in historical sites following hurricanes [30]. Protecting sites 
where this endangered species has historically been found is critical, 
given that populations believed to be extirpated may in fact still exist in 

a persistent soil seed bank. 

Seed longevity is a valuable attribute because it simplifies 
germplasm conservation through seed storage [31]. Long-term storage 
of Pilosocereus robinii seeds could help preserve the genetic diversity of 
the species. Stored seeds also may be used to restore declining natural 
populations of this rare species as has been done in other endangered 
plants [10]. Future studies, however are necessary to determine if dry 
and cold-stored seeds of Pilosocereus robinii remain alive for periods 
longer than 28 weeks and to determine the lifespan of different seed 
accessions stored in dry and cold conditions.

In conclusion, this study shows that seeds of the endangered Key 
tree cactus can withstand orthodox storage conditions without losing 
their viability. Seeds stored under low humidity and low temperatures 
reached germination values higher than 90% within 2 weeks. As a result,  
ex-situ seed banking is a viable tool to the long-term conservation 
of this species as it can assist plant reintroductions to increase wild 
populations. 
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Figure 3: (A) Number of days to reach 50% Germination (R50) and (B) Mean 
Germination Time (MGT) in days of Pilosocereus robinii seeds stored under 
four different experimental conditions: Fresh (seeds dried under ambient 
conditions of 21°C, 50 % RH for 11 days), Desicc. (Seeds desiccated at 25% 
RH for three days), Frozen/1 (seeds desiccated at 25% RH for three days and 
kept frozen at -20°C for 1 week), and Frozen/28 (seeds desiccated at 25% RH 
for three days and kept frozen at -20°C for 28 weeks). Bars are means +SE 
(n=10 for conditions 2 and 3, n=7 for conditions1 and 4). Bars topped with the 
same letter do not differ significantly (P<0.05) according to Tukey HSD post-
hoc test.
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