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Seed-based revegetation is fundamental in global restoration efforts. When seed storage is mandatory, knowledge
of storage conditions that reduce ageing is essential for effective conservation of viable seeds. However, inap-
propriate storage is still frequent, particularly in local restoration projects involving native species.

We investigated how different storage conditions (temperature and relative humidity) affected seed viability
of the Mediterranean shrubs Arbutus unedo and Myrtus communis. We aimed to identify which conditions reduced
seed deterioration and to provide practitioners with practical storage guidelines to overcome the natural fluc-
tuations in seed production of these two species.

Seeds equilibrated at 15%, 30% and 60% relative humidity (RH) and sealed in airtight containers were stored
at 5 °C or ambient temperature over one year. Additional seed lots were kept under ambient conditions, ac-
cording to the usual local practice (open storage). Germination tests were performed prior to and after storage.

Significant seed deterioration (80-100%) occurred in seeds equilibrated at 60% RH and stored at ambient
temperature, and in seeds kept in open storage. The remaining treatments maintained high seed viability.

Short seed longevity under ambient conditions was demonstrated for both species. To store seeds over one
year, practitioners may either (i) equilibrate seeds up to 60% RH and store them in a refrigerator (5 °C), or (ii)
equilibrate seeds up to 30% RH (preferably 15% RH for A. unedo) and store them at ambient temperature. All
seeds should be sealed into airtight containers immediately after equilibrium. The effectiveness of the 5 °C-60%
RH treatment demonstrated that procedures less demanding than international standards for short-term storage
can still ensure seed viability.

While contributing to the understanding of species responses to storage conditions, our findings can be applied
to both species by local practitioners across the Mediterranean. Moreover, our approach can be adapted and
extended to other restoration projects and native species, supporting specific improvements to seed storage
protocols, thereby enhancing the cost-effectiveness and the capacity of restoration efforts.

1. Introduction production areas and seed storage to meet restoration requirements

have been advocated to overcome limitations in seed supply and quality

The demand for native seeds to restore plant diversity and function in
degraded land increased in the past decade (Broadhurst et al., 2015;
Kildisheva et al., 2016; Pedrini and Dixon, 2020), and was further
intensified in the framework of the United Nations Decade on Ecosystem
Restoration (2021 —-2030).

Limited availability of seeds and/or seedlings, poor seed quality and
low rates of seedling establishment are main constraints to restoration
with native species, irrespective of the project scale (Broadhurst et al.,
2015; Canadas et al., 2015; Kildisheva et al., 2016). Dedicated seed
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(Merritt and Dixon, 2011).

Several initiatives to conserve native species in seed banks (e.g.,
Millennium Seed Bank Partnership, European Native Seed Conservation
Network) apply international standards guiding the collection, testing
and storage of seeds (e.g., ENSCONET, 2009; FAO, 2014). As seeds age
and lose viability during storage (Ellis and Roberts, 1980), these stan-
dards aim to maximize longevity in the long-term (10-100 years or
more; Hong and Ellis, 1996). Orthodox (desiccation tolerant) seeds are
generally dried at 15 °C and 15% relative humidity (3-7% moisture
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content) and stored at —18 °C to —20 °C (FAO, 2014).

Building upon seed conservation practice, pioneer restoration seed
banks were established and gain prominence, promoting cooperation
and technology transfer between academia, conservation seed banks,
industry, and government bodies (Leon-Lobos et al., 2012; Turner et al.,
2022; White et al., 2023). However, the current equipment, standards
and procedures derived from conservation seed banks are often difficult
or impossible to apply in restoration contexts (Merritt and Dixon, 2011;
Pedrini and Dixon, 2020; Turner et al., 2022), and many practitioners
still request support to use local native species (Nunes et al., 2016). So,
while the use of seeds from local provenance is advocated, ensuring their
appropriate storage poses a challenge for restoration projects relying on
practitioners’ infrastructures and resources. Seed companies, farmers
and local practitioners, often driven by economic and resource limita-
tions, persist in storing seeds under uncontrolled or rudimentary con-
ditions, with consequent loss of valuable genetic material and resources
(Nagel and Borner, 2010; Merritt and Dixon, 2011; Morgan and Salmon,
2019).

Conventional seed bank standards are currently recommended for
ecological restoration, but while those focus on long-term storage, short-
or medium-term (3-18 months and 18 months to 5-6 years, respectively;
Hong and Ellis, 1996) storage may be sufficient for restoration purposes
(De Vitis et al., 2020). While guidelines in Australia have already been
adjusted to storage length and restoration purpose (Merritt et al., 2021),
comparable efforts in Europe are still pending.

Although it is essential to understand seed lifespan changes under a
wide range of storage conditions to predict seed longevity (Colville and
Pritchard, 2019), and a growing body of literature reports species-
specific seed lifespans and decay rates under storage (Probert et al.,
2009; Nagel and Borner, 2010; Merritt et al., 2014), such information is
still lacking for many native species. Therefore, it is crucial to test their
seed viability under storage conditions tailored to the technical capacity
and objectives of local facilities.

We investigated the effect of different storage conditions (air tem-
perature and relative humidity) on the seed germination of two Medi-
terranean shrubs, Arbutus unedo (strawberry tree) and Myrtus communis
(common myrtle). Seeds of both species are collected locally and
germinated in a local nursery for subsequent revegetation of a quarry in
SW Portugal. There, previous seed storage attempts yielded low or nil
germination. We expected to provide easy-to-apply guidelines for
affordable and successful seed storage over one year and thereby
contribute to a more efficient seed use in restoration.

2. Methods

The study was performed at the SECIL-Outao quarry in Serra da
Arrabida, southwest Portugal (38°30'05”N, 8°56'19”W). The climate is
Mediterranean, with hot and dry summers; mean annual temperature is
16 °C and mean annual rainfall is 716 mm (IPMA, 2023). Post-exploited
quarry areas are revegetated with native shrubs grown in the local
nursery (Correia et al., 2001) using seeds collected in the surrounding
vegetation.

2.1. Species and seed collection

Two native evergreen sclerophyllous shrubs producing fleshy fruits
and used in quarry revegetation were studied: Arbutus unedo L. (Erica-
ceae) and Myrtus communis L. (Myrtaceae). Both are likely to exhibit
orthodox seed storage behaviour (SER, INSR, RBGK, Seed Information
Database (SID), 2023). To overcome the annual fluctuations in the
natural fruit crops, the nursery staff stores seeds in a storeroom, at
ambient temperature and humidity. Following poor or nil germination
of these seeds, the quarry company sought advise to ensure seed viability
over one year.

For this study, fruits were collected from the usual collecting sites at
the time of natural dispersal, in November 2012. Seeds were extracted
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through sieves under running water, air-dried at room temperature for
one week (ENSCONET, 2009), and subsequently used in the experiment.

2.2. Seed storage experiment

With a fully factorial experiment, we quantified the effects of storage
temperature and relative humidity (RH) over one year on seed germi-
nation. The selected temperature and RH levels ranged from rudimen-
tary storage to recommended best practice seed banking conditions (De
Vitis et al., 2020): ambient temperature in the storeroom (Tamb) and
5 °C, and 60%, 30% and 15% RH. Six treatments (experimental storage
environments) were applied: 5 °C-15%, Tamb-15%, 5 °C-30%, Tamb-
30%, 5 °C-60% and Tamb-60%.

Seeds were first equilibrated at each of the three RH environments: in
a drying incubator (S600 PLH, Aralab, Lisbon) set to 15 °C and 15% RH,
and in two sealed boxes containing solutions of lithium chloride (30%
and 60% RH, respectively; Hay et al., 2008) placed in a drying room set
to 17 °C. In each case, 12 batches of 25 seeds per species were used. Seed
equilibrium relative humidity (eRH) was monitored with a hygrometer
(HC2-AW, Rotronic Instruments, UK) until equilibrium was reached at
the specific RH environment. After 42 days, each batch of seeds was
sealed into an airtight glass container. Then, 6 containers of each RH
were stored in the storeroom, in the dark, at each of the two tempera-
tures: 5 °C (in a refrigerator) or uncontrolled ambient temperature
(Tamb). It is worth noting that eRH at the temperature of storage is
expected to differ slightly from the eRH prior to storage due to the re-
lationships between RH and temperature (Pritchard and Dickie, 2003).

To determine seed moisture content (mc) after storage, another
group of seeds (50 per species and per treatment) was also equilibrated
with the three tested RH environments and stored following the pro-
cedures described above. Seeds were weighted before and after being
dried at 103 °C for 17 h (ISTA, 2003). Results are expressed in per-
centage, on a fresh weight basis.

Four additional batches of 25 seeds per species were packed in paper
bags and stored in an open shelf in the same storeroom. This treatment
(Open storage) represented the usual nursery practice, whereby seeds
were exposed to ambient RH and temperature. Temperature and RH of
the storeroom were recorded daily (at 8 am, 12 am and 17 pm) and five
days a week during the study (Fig. 1).

2.3. Seed germination

One year after storage, seeds from each treatment were retrieved and
tested for germination. All tests were carried out on 90 mm diameter
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Fig. 1. Mean daily temperature (°C) and relative humidity (%) at the nursery
storeroom over the study period (2012—2013). Values were recorded five days
a week and three times a day from 8 am to 5 pm.
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Petri dishes containing 1% agar; each replicate (25 seeds) was sown on
one Petri dish and placed in an incubator (Fitoclima S600, Aralab, Lis-
bon) at 15 °C with a 12 h/12 h photoperiod. Seeds were placed in an
airtight container at 100% RH for 24 h before sowing, to avoid imbi-
bition damage to dry seeds. Germination conditions and pre-treatments
(cold stratification: 56 days at 5 °C for A. unedo) were retrieved from a
seed bank database (Jardim Botanico, Universidade de Lisboa).

Germination was recorded every two days over 50 and 65 days (for
A. unedo and M. communis, respectively), until no additional germina-
tion was observed for three weeks. Radicle emergence was the criterion
to score a seed as germinated. Cut tests were performed on non-
germinated seeds at the end of the incubation period to determine the
number of empty or infested seeds. Germination percentage was calcu-
lated as the number of germinated seeds / (number of initial seeds —
(number of empty seeds + number of infested seeds)) x 100.

Seed germination shortly after collection (i.e., prior to storage) was
also determined using the procedures described above.

2.4. Data analysis

Data were analysed in R version 4.0.2 (R Core Team, 2020). The
effects of RH and storage temperature on seed germination were tested
using a generalized linear model (GLM) with a logit link function and a
binomial error (nlme package, Pinheiro et al., 2020). The GLM included
RH and temperature as fixed factors and proportion of seeds germinated
in each Petri dish as the response variable (coded as number of germi-
nated seeds and (number of seeds sown — number of empty seeds)). Full
models including the two main factors and the interaction were fitted for
each species. When overdispersion was detected, quasibinomial error
distribution was used to fit the models. Chi-square or F tests were used to
evaluate if selected predictors explained a significant fraction of the
deviance (car package, Fox and Weisberg, 2019). We made post hoc
comparisons between storage treatments within species using the glht
command (multcomp package, Hothorn et al., 2008). The single step
method for P-value adjustment was used for pair-wise comparisons be-
tween germination of each experimental environment and germination
prior to storage, and between each experimental environment and Open
storage.

3. Results

Mean temperature and relative humidity in the storeroom during the
study period were 20.7 °C and 61.1%, respectively (Fig. 1). Temperature
ranged between 5.3 °C (December) and 38.2 °C (June), while RH varied
between 18% (July) and 99% (October). High temperature and hu-
midity prevailed, with approximately 60% of the daily records with
mean temperatures >25 °C or mean RH >60%.

Seed moisture content (mc) in the experimental environments
ranged from 4.3 to 11.2% (Table 1). Within species, seeds equilibrated at
60% RH exhibited 1.5 times higher mc than those equilibrated at 30%
RH.

Germination was strongly affected by the storage environment, and

Table 1

Seed moisture content (%) of Arbutus unedo and Myrtus communis after one year
of storage under different relative humidity (15, 30 and 60%) and temperature
(5 °C and Tamb) environments. Seeds were equilibrated at three relative hu-
midity environments (15, 30 and 60% RH) and subsequently stored at 5 °C and
ambient temperature (Tamb) in the nursery storeroom.

RH Temperature A. unedo M. communis
15% 5°C 4.7 4.7
Tamb 4.5 4.3
30% 5°C 5.6 7.1
Tamb 5.8 7.1
60% 5°C 8.1 10.8
Tamb 8.3 11.2
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the two species exhibited similar responses (Fig. 2, Table 2). The effect
of RH depended on storage temperature: seeds stored at ambient tem-
perature and the highest RH (Tamb-60%) exhibited a 4- (A. unedo) to 12-
fold (M. communis) decrease in germination, compared to the other
treatments. Conversely, germination did not differ significantly among
RH environments for seeds stored at 5 °C.

Maximum germination percentage of seeds stored under experi-
mental environments was similar to germination before storage except
for the Tamb-60% treatment (only 8-20% of pre-storage germination);
in A. unedo, however, germination also decreased significantly in the
Tamb-30% treatment (Fig. 2).

Germination of seeds stored in the experimental environments was
always significantly higher than of those in Open storage, except in the
Tamb-60% treatment of M. communis (Fig. 2). After one year at ambient
conditions in the storeroom, all seeds of A. unedo decayed, and germi-
nation dropped 10-fold in M. communis. The cut tests confirmed dete-
rioration of non-germinated seeds (data not shown).

4. Discussion

Germination of seeds of A. unedo and M. communis stored in airtight
containers over one year remained consistently high in all experimental
environments except in the treatment with the highest moisture content
stored at ambient temperature (Tamb-60%), where a sharp decrease was
observed. The effectiveness of the 5 °C-60% RH treatment demonstrated
that procedures less demanding than international standards for short-
term storage (FAO, 2014; De Vitis et al., 2020) can be equally effec-
tive in preserving seed viability of both species over one year.
Conversely, seasonal high air temperature and recurrently high RH were
confirmed to accelerate seed deterioration in the Open storage treat-
ment, the usual procedure in the nursery. This finding highlights a short
seed lifespan for the studied species under ambient conditions.

It is well-established that reducing seed water content and/or tem-
perature increases the longevity of orthodox seeds, with evident ad-
vantages for long-term conservation (Ellis and Roberts, 1980).
Therefore, it was expected that drying and/or cooling conditions would
extend seed lifespan compared to the uncontrolled conditions. Interna-
tional standards for short-term seed storage (FAO, 2014), which
generally suit restoration purposes (De Vitis et al., 2020), recommend
drying at 10-25% RH and storage at 0-10 °C or under ambient tem-
perature (“as cool and stable temperatures as possible but not >25 °C").
Despite the undeniable advantages of applying these standards, eco-
nomic and resource limitations still lead to inadequate seed storage
(Nagel and Borner, 2010; Merritt and Dixon, 2011; Morgan and Salmon,
2019). Although in such cases it can be argued that any degree of drying
and/or cooling is advantageous to reduce seed deterioration, selecting
their best levels becomes particularly significant when intending to
enhance seed longevity while minimizing the associated effort and
resource investment. We aimed to determine such optimal levels
tailored to specific target species, storage duration and local resources
and facilities. According to our findings, to maintain seed viability of
A. unedo and M. communis over one year the practitioner was advised as
follows: (i) if a refrigerator is available, equilibrate the seeds of these
species up to 60% RH and seal them into airtight containers for cold
storage (5 °C, household refrigerator); (ii) without a refrigerator,
equilibrate the seeds up to 30% RH (preferably 15% RH in A. unedo, as a
slight reduction in viability might occur) and seal them into airtight
containers to be stored at ambient temperature. These procedures are
less stringent than the abovementioned international standards but still
ensured seed viability over one year, under higher RH (60%) and
ambient temperature (often >25 °C and up to a maximum of 38 °C) than
the upper limits of those standards. Since storage temperature is easier
to control than seed moisture content, cold storage seems the most
favourable procedure; in this case, air-drying seeds is an option provided
that ambient RH is suitable. Practitioners should ensure that the
appropriate seed moisture content is achieved, and that relatively cool
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Fig. 2. Seed germination (%, n = 6) in A. unedo and M. communis after one year under different storage environments. Results for experimental environments
(between the two dashed lines) according to the relative humidity under which seeds were equilibrated (15, 30 and 60% RH) and to the storage temperature (5 °C
and ambient temperature at the quarry nursery storeroom, Tamb). Results for Open storage (the usual local practice: seeds stored at ambient temperature and RH in
the nursery storeroom) and Pre storage germination are also presented. Boxplots show the median and 25th-75th percentiles; horizontal solid lines outside the box
are minimum and maximum values; open circles indicate outliers. Different letters indicate significant differences between experimental storage environments (p <
0.05). Significant differences between experimental environments and germination prior to storage are indicated by *, and those between experimental environments

and Open storage are indicated by ®.

and stable air temperatures are maintained during ambient storage.
Additionally, they should adopt the best practices in collecting and
cleaning (Pedrini and Dixon, 2020), as fundamental factors to maximize
seed quality, and therefore, longevity.

To the best of our knowledge, this is the first report of a short seed
lifespan for the studied species under ambient storage, except for
anecdotical evidence of a shorter seed lifespan in A. unedo than in
M. communis at room temperature (Garcia-Fayos et al., 2001). The re-
ports of seed longevity under ambient or unconventional storage con-
ditions are scarce (but see Nagel and Borner (2010) and Colville and
Pritchard (2019)), although they are valuable to guide storage decisions

and determine species lifespan category. The Myrtaceae is consistently
recognized as a plant family encompassing species with long-lived seeds
(Probert et al., 2009; Merritt et al., 2014). Recording short-lived seeds of
M. communis emphasizes the variability in seed lifespans among species
and urges caution when inferring similar seed longevities within a plant
family. Adding to broad phylogenetic patterns, intrinsic seed longevity
also correlates with climate of origin and seed characteristics (Probert
et al., 2009; Merritt et al., 2014). Moreover, intra-specific variation in
seed lifespan is also caused by provenance, genetic variation and effects
of harvesting and processing on seed quality (Probert et al., 2007; Nagel
and Borner, 2010). Multiple seed lots of each species should therefore be
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Table 2

Generalized Linear Models (binomial error, logit link) fitted to the germination
data (coded as sown — germinated) of each species after one year storage under
different relative humidity (15, 30 and 60%) and temperature (5 °C and Tamb)
environments. A full factorial model with temperature, RH and the interaction
term as explanatory variables (fixed factors) was fitted for each species. The
intercept corresponds to the germination of seeds equilibrated at 15% RH and
stored at 5 °C.

Species Parameter Effect s.e. t p

A. unedo Intercept 2.625 0.447 5.876 < 0.001
30% —0.465 0.581 —0.800 0.430
60% —0.412 0.589 —0.699 0.490
Tamb —0.583 0.568 -1.025 0.313
30%-Tamb —0.328 0.731 —0.449 0.656
60%-Tamb -3.067 0.743 —4.127 < 0.001
Intercept 1.041 0.194 5.372 < 0.001
30% 0.067 0.275 0.242 0.808

M. communis 60% 0.114 0.276 0.414 0.679
Tamb 0.162 0.284 0.571 0.568
30%-Tamb 0.107 0.404 0.264 0.792
60%-Tamb —4.011 0.488 —-8.219 < 0.001

assessed to account for these effects on seed longevity under the inves-
tigated storage conditions.

5. Conclusions

This study identified short-term storage conditions that maximized
seed viability for A. unedo and M. communis while minimizing the
associated effort and resources. The results showed that seeds of both
species can be stored over one year with little viability loss using less
stringent procedures (ambient seasonal temperature > 25 °C or 60%
RH) than current globally accepted standards (FAO, 2014; De Vitis et al.,
2020). While this practice can be extended to other restoration projects
involving the same species, it is important to recognise potential effects
of the seed lots on seed longevity. Our results also indicate short seed
lifespan under ambient conditions for the two species. Taken together,
these findings contribute to the understanding of species responses to
storage conditions, with implications for optimization of species per-
formance and management of seed banks targeting wild species. Our
approach is a valuable tool to enhance the capacity of local restoration
seed banks across the Mediterranean with low-cost technology and
minor changes in seed processing. Informed protocols will underpin
restoration practices, reducing the impact of seed collection on source
populations and increasing cost-effectiveness.

Funding

SECIL, Companhia Geral de Cal e Cimento, S.A. sought advise to
improve storage procedures and maintain seed viability of the two
studied species over one year and provided financial support for the
study. SECIL was no further involved in the study design, analysis and
interpretation of data, writing or decision to submit the article for
publication.

CRediT authorship contribution statement

Adelaide Clemente: Conceptualization, Formal analysis, Method-
ology, Supervision, Writing — original draft, Writing — review & editing.
Catarina A. Costa: Data curation, Investigation, Writing — review &
editing. Graca Oliveira: Formal analysis, Supervision, Writing — review
& editing. Otilia Correia: Funding acquisition, Project administration,
Writing — review & editing.

Declaration of competing interest

The authors declare that they have no known competing financial

Ecological Engineering 202 (2024) 107243

interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability
The authors do not have permission to share data.
Acknowledgments

We thank Alexandra Silva, Filipa Costa and Euldlia Freitas for
providing seeds, temperature and RH recording, and assistance during
nursery trials at SECIL. A. Clemente was supported by Fundacao para a
Ciéncia e a Tecnologia (BGCT/33418,/2008).

References

Broadhurst, L., Driver, M., Guja, L., North, T., Vanzella, B., Fifield, G., Bruce, S.,
Taylor, D., Bush, D., 2015. Seeding the future - the issues of supply and demand in
restoration in Australia. Ecol. Manag. Restor. 16, 29-32. https://doi.org/10.1111/
emr.12148.

Canadas, E.M., Ballesteros, M., Foronda, A., Navarro, F.B., Jiménez, M.N., Lorite, J.,
2015. Enhancing seedling production of native species to restore gypsum habitats.
J. Environ. Manag. 163, 109-114. https://doi.org/10.1016/j.jenvman.2015.08.006.

Colville, L., Pritchard, H.W., 2019. Seed life span and food security. New Phytol. 224,
557-562. https://doi.org/10.1111/nph.16006.

Correia, O., Clemente, A.S., Correia, A.I., Maguas, C., Carolino, M., Afonso, A.C., Martins-
Loucao, M.A., 2001. Quarry rehabilitation: A case study. In: Villacampa, Y.,
Brebbia, C.A., Uso, J.L. (Eds.), Ecosystems and Sustainable Development III.
Advances in Ecological Sciences, 10. Wit Press, Boston, pp. 331-346.

De Vitis, M., Hay, F.R., Dickie, J.B., Trivedi, C., Choi, J., Fiegener, R., 2020. Seed storage:
maintaining seed viability and vigor for restoration use. Restor. Ecol. 28, $249-5255.
https://doi.org/10.1111/rec.13174.

Ellis, R.H., Roberts, E.H., 1980. Improved equations for the prediction of seed longevity.
Ann. Bot. 45, 13-30.

ENSCONET, 2009. ENSCONET Curation Protocols & Recommendations. Royal Botanic
Gardens, Kew (eds). ISBN: 978-84-692-5964-1.

FAO, 2014. Genebank Standards for Plant Genetic Resources for Food and Agriculture.
Rome.

Fox, J., Weisberg, S., 2019. An {R} Companion to Applied Regression, Third edition.
Sage, Thousand Oaks CA. URL: https://socialsciences.mcmaster.ca/jfox/Books/
Companion/.

Garcia-Fayos, P., Gulias, J., Martinez, J., Marzo, A., Melero, J., Traveset, A., Medrano, H.,
2001. Bases ecologicas para la recoleccion, almacenamiento y germincaion de
semillas de especies de uso florestal de la comunidad Valenciana. Banc de Llavors
Florestals, Conselleria de Medi Ambient, Generalitat Valenciana, Spain.

Hay, F., Adams, J., Manger, K., Probert, R., 2008. The use of non-saturated lithium
chloride solutions for experimental control of seed water content. Seed Sci. Technol.
36, 737-746. https://doi.org/10.15258/s5t.2008.36.3.23.

Hong, T.D., Ellis, R.H., 1996. A protocol to determine seed storage behaviour. In:
Engels, J.M.M., Toll, J. (Eds.), IPGRI Technical Bulletin no 1. IPGRI, Rome, pp. 1-62.

Hothorn, T., Bretz, F., Westfall, P., 2008. Simultaneous Inference in General Parametric
Models. Biom. J. 50, 346-363.

IPMA, 2023. Normais Climatoldgicas 1971-2000. https://www.ipma.
pt/pt/oclima/normais.clima/1971-2000/#170 (accessed May 2023).

ISTA, 2003. International Rules for Seed Testing. Bassersdorf, Switzerland.

Kildisheva, O.A., Erickson, T.E., Merritt, D.J., Dixon, K.W., 2016. Setting the scene for
dryland recovery: an overview and key findings from a workshop targeting seed-
based restoration. Restor. Ecol. 24, S36-S42. https://doi.org/10.1111/rec.12392.

Le6n-Lobos, P., Way, M., Aranda, P.D., Lima-Junior, M., 2012. The role of ex situ seed
banks in the conservation of plant diversity and in ecological restoration in Latin
America. Plant Ecol. Div. 5, 245-258. https://doi.org/10.1080/
17550874.2012.713402.

Merritt, D.J., Dixon, K.W., 2011. Restoration seed banks - a matter of scale. Science 332,
424-425. https://doi.org/10.1126/science.1203083.

Merritt, D.J., Martyn, A.J., Ainsley, P., Young, R.E., Seed, L.U., Thorpe, M., Hay, F.R.,
Commander, L.E., Shackelford, N., Offord, C.A., Dixon, K.W., Probert, R.J., 2014.
A continental-scale study of seed lifespan in experimental storage examining seed,
plant, and environmental traits associated with longevity. Biodivers. Conserv. 23,
1081-1104. https://doi.org/10.1007/5s10531-014-0641-6.

Merritt, D., Cochrane, A., Commander, L., Sommerville, K., Breman, E., Quarmby, A.,
2021. FloraBank guidelines module 9 - Seed drying and storage. In: Commander, L.E.
(Ed.), FloraBank Guidelines, 2nd edition. Flora- Bank Consortium, Canberra,
Australia, pp. 1-24.

Morgan, B.J.W., Salmon, K.L., 2019. Message in a bottle: Inadvertent loss of seeds of
native grassland species as a result of rudimentary long-term storage. Ecol. Manag.
Restor. 20, 159-161. https://doi.org/10.1111/emr.12346.

Nagel, M., Borner, A., 2010. The longevity of crop seeds stored under ambient
conditions. Seed Sci. Res. 20, 1-12. https://doi.org/10.1017/50960258509990213.

Nunes, A., Oliveira, G., Mexia, T., Valdecantos, A., Zucca, C., Costantini, E.A.C.,
Abraham, E.M., Kyriazopoulos, A.P., Salah, A., Prasse, R., Correia, O., Milliken, S.,
Kotzen, B., Branquinho, C., 2016. Ecological restoration across the Mediterranean


https://doi.org/10.1111/emr.12148
https://doi.org/10.1111/emr.12148
https://doi.org/10.1016/j.jenvman.2015.08.006
https://doi.org/10.1111/nph.16006
http://refhub.elsevier.com/S0925-8574(24)00067-3/rf0020
http://refhub.elsevier.com/S0925-8574(24)00067-3/rf0020
http://refhub.elsevier.com/S0925-8574(24)00067-3/rf0020
http://refhub.elsevier.com/S0925-8574(24)00067-3/rf0020
https://doi.org/10.1111/rec.13174
http://refhub.elsevier.com/S0925-8574(24)00067-3/rf0030
http://refhub.elsevier.com/S0925-8574(24)00067-3/rf0030
http://refhub.elsevier.com/S0925-8574(24)00067-3/rf0035
http://refhub.elsevier.com/S0925-8574(24)00067-3/rf0035
http://refhub.elsevier.com/S0925-8574(24)00067-3/rf0040
http://refhub.elsevier.com/S0925-8574(24)00067-3/rf0040
http://refhub.elsevier.com/S0925-8574(24)00067-3/rf0045
http://refhub.elsevier.com/S0925-8574(24)00067-3/rf0045
http://refhub.elsevier.com/S0925-8574(24)00067-3/rf0045
http://refhub.elsevier.com/S0925-8574(24)00067-3/rf0050
http://refhub.elsevier.com/S0925-8574(24)00067-3/rf0050
http://refhub.elsevier.com/S0925-8574(24)00067-3/rf0050
http://refhub.elsevier.com/S0925-8574(24)00067-3/rf0050
https://doi.org/10.15258/sst.2008.36.3.23
http://refhub.elsevier.com/S0925-8574(24)00067-3/rf0060
http://refhub.elsevier.com/S0925-8574(24)00067-3/rf0060
http://refhub.elsevier.com/S0925-8574(24)00067-3/rf0065
http://refhub.elsevier.com/S0925-8574(24)00067-3/rf0065
https://www.ipma.pt/pt/oclima/normais.clima/1971-2000/#170
https://www.ipma.pt/pt/oclima/normais.clima/1971-2000/#170
http://refhub.elsevier.com/S0925-8574(24)00067-3/rf0075
https://doi.org/10.1111/rec.12392
https://doi.org/10.1080/17550874.2012.713402
https://doi.org/10.1080/17550874.2012.713402
https://doi.org/10.1126/science.1203083
https://doi.org/10.1007/s10531-014-0641-6
http://refhub.elsevier.com/S0925-8574(24)00067-3/rf0100
http://refhub.elsevier.com/S0925-8574(24)00067-3/rf0100
http://refhub.elsevier.com/S0925-8574(24)00067-3/rf0100
http://refhub.elsevier.com/S0925-8574(24)00067-3/rf0100
https://doi.org/10.1111/emr.12346
https://doi.org/10.1017/S0960258509990213

A. Clemente et al.

Basin as viewed by practitioners. Sci. Total Environ. 566-567, 722-732. https://doi.
org/10.1016/j.scitotenv.2016.05.136.

Pedrini, S., Dixon, K.W., 2020. International principles and standards for native seeds in
ecological restoration. Restor. Ecol. 28, $286-S303. https://doi.org/10.1111/
rec.13155.

Pinheiro, J., Bates, D., DebRoy, S., Sarkar, D., R Core Team, 2020. _nlme: Linear and
Nonlinear Mixed Effects Models_. R package version 3.1-148. <URL: https://CRAN.
R-project.org/package=nlme>.

Pritchard, H.W., Dickie, J.B., 2003. Predicting Seed Longevity: The use and abuse of seed
viability equations. In: Smith, R.D., Dickie, J.B., Linington, S.H., Pritchard, H.W.,
Probert, R.J. (Eds.), Seed Conservation: Turning Science into Practice. Royal Botanic
Gardens, Kew, UK, pp. 655-721.

Probert, R., Adams, J., Coneybeer, J., Crawford, A., Hay, F., 2007. Seed quality for
conservation is critically affected by pre-storage factors. Aust. J. Bot. 55, 326-335.
https://doi.org/10.1071/BT06046.

Ecological Engineering 202 (2024) 107243

Probert, R., Daws, M.I., Hay, F., 2009. Ecological correlates of ex situ seed longevity: a
comparative study on 195 species. Ann. Bot. 104, 57-69. https://doi.org/10.1093/
aob/mcp082.

R Core Team, 2020. R: A Language and Environment for Statistical Computing. R
Foundation for Statistical Computing, Vienna, Austria. https://www.R-project.org/.

SER, INSR, RBGK, Seed Information Database (SID) - Society for Ecological Restoration,
International Network for Seed Based Restoration and Royal Botanic Gardens Kew,
2023. Seed Information Database (SID). https://ser-sid.org/ (accessed Jun 2023).

Turner, S.R., Cross, A.T., Just, M., Newton, V., Pedrini, S., Tomlinson, S., Dixon, K., 2022.
Restoration seedbanks for mined land restoration. Restor. Ecol. 30, 1-10. https://
doi.org/10.1111/rec.13667.

White, F.J., Ensslin, A., Godefroid, S., Faruk, A., Abeli, T., Rossi, G., Mondoni, A., 2023.
Using stored seeds for plant translocation: the seed bank perspective. Biol. Conserv.
281, 109991 https://doi.org/10.1016/j.biocon.2023.109991.


https://doi.org/10.1016/j.scitotenv.2016.05.136
https://doi.org/10.1016/j.scitotenv.2016.05.136
https://doi.org/10.1111/rec.13155
https://doi.org/10.1111/rec.13155
https://CRAN.R-project.org/package=nlme%3e
https://CRAN.R-project.org/package=nlme%3e
http://refhub.elsevier.com/S0925-8574(24)00067-3/rf0130
http://refhub.elsevier.com/S0925-8574(24)00067-3/rf0130
http://refhub.elsevier.com/S0925-8574(24)00067-3/rf0130
http://refhub.elsevier.com/S0925-8574(24)00067-3/rf0130
https://doi.org/10.1071/BT06046
https://doi.org/10.1093/aob/mcp082
https://doi.org/10.1093/aob/mcp082
https://www.R-project.org/
https://ser-sid.org/
https://doi.org/10.1111/rec.13667
https://doi.org/10.1111/rec.13667
https://doi.org/10.1016/j.biocon.2023.109991

	Short-term seed storage of two Mediterranean shrubs used in restoration: Simple procedures to reduce seed deterioration
	1 Introduction
	2 Methods
	2.1 Species and seed collection
	2.2 Seed storage experiment
	2.3 Seed germination
	2.4 Data analysis

	3 Results
	4 Discussion
	5 Conclusions
	Funding
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgments
	References


