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There is increasing investment globally in seed storage facilities for a wide array of purposes, from food security to biodiver-
sity conservation. Best practice when storing seeds in this manner is to periodically test collections for viability, such that
declining viability can be used as a trigger for management actions. Typically, viability testing is time consuming and/or
destructive, involving germination testing, cut-testing or a range of potential biochemical indicators. Given that respiration
(i.e. metabolic activity) is the basic chemical reaction common to all forms of life, measuring metabolic rate should provide a
less-destructive, simple and repeatable correlate of seed viability. We compared the viability of seed collections of known
proportions of alive and dead seeds to their metabolic rates, calculated as CO, production (VCO,) measured using flow-
through respirometery. To maximize the activity of the seeds and our likelihood of measuring metabolic rates, we imbibed
the seeds from 12 species of angiosperms, and measured them using an open system respirometer. Measuring metabolic
rate in seeds from diverse evolutionary and ecological backgrounds required us to adopt an allometric approach to account
for the effects of seed size upon metabolic rate. After doing so, however, we found significant linear relationships between
the known viability of our seed collections and their metabolic rates, but these relationships were unique for each species
measured. These data provide substantial support to the prospect that measuring metabolic rates can be used to estimate
viability of seeds in storage, however, we advocate the development and adoption of more sensitive respirometry equip-
ment, specifically engineered for this purpose in order to achieve truly non-destructive measurements.
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Introduction their value in food security (FAO, 2014), and are increas-

ingly utilized as part of the conservation toolkit to protect
The ultimate goal of any seed genebank is that seeds be threatened flora (Crawford er al., 2007; Walters, 2015) and
viable, germinable and usable when withdrawn from storage for use in degraded land restoration (Merritt and Dixon,
(Hay and Whitehouse, 2017). Seedbanks are recognized for 2011; Erickson et al., 2016a). While several decades of
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research have optimized the conditions under which many
species of orthodox seeds can be stored in order to improve
longevity (i.e. suitable reductions in temperature and humid-
ity), seeds do not survive indefinitely, and all seed collections
in a genebank will eventually age and decline in viability
(Ellis and Roberts, 1980). Therefore, the implementation of
effective monitoring is essential in order to detect changes in
viability prior to precipitous decline (Walters, 2015), enab-
ling genebank managers to make decisions regarding the util-
ity of a particular collection, and whether re-collection of the
species is required (Hay and Whitehouse, 2017).

Germination tests are the most commonly used method of
determining whether or not seeds within a collection are ger-
minable (FAO, 2014). Germination testing requires a priori
knowledge of whether seeds are dormant, how dormancy
may be overcome, and the optimal conditions (i.e. tempera-
ture, light and chemical stimulant) required to promote ger-
mination (Hay and Whitehouse, 2017). For many
agriculturally important crop species, this information is
available via the International Seed Testing Association
(ISTA, 2017), along with a series of standard protocols. For
non-crop species, particularly wild species, this information
may be more limited and often requires significant invest-
ment, both in terms of time and the number of seeds required
to fully understand dormancy and optimal germination con-
ditions prior to a collection’s successful lodgement in a gene-
bank (Gosling, 2003). For example, some non-dormant
seeds germinate quickly and germination testing may be
completed in a matter of days, however, seeds that have
complex dormancy mechanisms may require lengthy pre-
treatment (e.g. stratification or after ripening), that take sev-
eral weeks or months to complete (Gosling, 2003; Baskin
and Baskin, 2014). Other methods of determining viability
such as cut testing (ISTA, 2017), measuring the conductivity
of electrolytes in leachates from seeds (Powell, 1986) or
staining with chemicals such as tetrazolium chloride (ISTA,
2017) or fluorescein diacetate (e.g. Pritchard, 1985) can be
time consuming, especially for species where optimized meth-
odologies and protocols are not available. Furthermore,
these techniques are completely destructive, and seeds are
not useable after testing. In large stores of domesticated culti-
vars this may not be prohibitive, but conservation collections
are often small, resulting from opportunistic collection that
cannot be easily replicated. The implicit value of these
unique collections means that their periodic destructive mon-
itoring represents a very genuine cost and impact upon the
efficacy of a conservation seedbank. Therefore, establishing
non-destructive methods of determining seed viability, both
sustainably and accurately from small collections containing
dormant seeds, is imperative to the successful ex situ storage
of all species.

There have been recent investigations into novel non-
destructive methods and technologies to test seed viability
and deterioration (Fu et al., 2015). The basis of all these
techniques, however, is the measurement of various products
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of respiration by seeds (Kranner et al., 2010; Mira et al.,
2010, 2016; Colville et al., 2012), and assumes that the
metabolic activity of seeds changes with increasing age and
decreasing viability and quality. It also assumes that dormant
seeds remain metabolically active (sensu Guppy and Withers,
1999), although to our knowledge, this remains largely
unquantified. The measurement of metabolic rates has a long
heritage (Lighton, 2008) and is most typically measured
using respirometry (Frappell, 2006; Lighton, 2008) to record
oxygen consumption (VO,), carbon dioxide production
(VCO,) or both. Traditionally, the lower detection limit of
most respirometers has obviated their use in measuring the
metabolic rates of plant seeds, but technological advances
have recently seen the publication of several studies linking
whole seed or seed-lot respiration with seed quality (Zhao
and Zhong, 2012; Bradford et al., 2013; Patané and Avola,
2013; Xin et al., 2013; Bello and Bradford, 2016). Most not-
ably, Patané and Avola (2013) adapted the gas analyser of a
LI-COR portable photosynthesis system to measure instant-
aneous VCO, in seeds of corn (Zea mays), cotton
(Gossypium hirsutum) and sorghum (Sorghum bicolor).

Our primary aim was to (i) determine whether flow-
through respirometry can be used to measure VCO, in seeds
from a range of orthodox, wild and crop species and infer
the viability of seeds within a seed lot. Given that mass is a
pervasive influence on metabolic rates, however, and allo-
metric effects are evident on the metabolic rates of seeds
(Garwood and Lighton, 1990), we also took this opportunity
to (ii) compare our data to the only previously published
allometry between mass and metabolic rate of plant seeds in
order to further explore the appropriate scaling relationship
for angiosperm seeds.

Materials and methods

We investigated the relationship between the metabolic rates
and viability of 12 species representing 10 families from a
range of ecosystems and evolutionary contexts, and with a
broad diversity of seed traits (Table 1). Commercially avail-
able lots of tomato (Solanum lycopersicum, Mr Fothergill’s
Heirloom Garden, Amish Paste), corn (Zea mays Mr
Fothergills Sweet Corn, terrific F1), onion (Allium cepa Mr
Fothergil’s Hunter River Brown) and climbing beans
(Phaseolus vulgaris Mr Fothergill’s climbing bean, Vitalis)
were purchased in hermetically sealed, laminated foil bags in
Perth, Western Australia in 2014, and were used as represen-
tatives of commonly available crop species. Drupes of black-
berry (Rubus anglocandicans) were collected in 2013 from
wild populations near Pemberton, Western Australia, where
it is considered an invasive weed. Blackberry seeds were
cleaned from the fleshy drupe, then washed and air-dried (ca.
25°C) prior to transport. Seeds of Acacia ancistrocarpa,
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Table 1: Characteristics of the 12 species used in this study.

Preferred climate or
Species habitat at collection
location

Mono/
dicotyledenous

Research article

1000
Dormancy seed dry
alleviated weight
(9

Dormancy

Dormancy: ND = non-dormant, PD = physiological dormancy, PY = physical dormancy as per Baskin and Baskin (2004). Physical dormancy was alleviated in seeds
of Acacia ancistrocarpa and Stylobasium spathulatum by immersing seeds in hot water (95°C) for 2 min (HW). Embryo type: Be = bent, Br = broad, In = investing,
F = folded, L (cu) = linear (curved), L (st) = linear (straight), Lat = lateral, S = spathulate as per Martin (1946)

Eucalyptus ~ gamophylla,  Grevillea  wickbamii  and
Stylobasium spathulatum were collected from wild popula-
tions in the Pilbara region of Western Australia in 2012.
Seeds of Atalaya hemiglauca were purchased from a com-
mercial supplier (Arid Land Seeds) in 2009 and were col-
lected from wild populations near Newman, Western
Australia. Seeds of Banksia attenuata were purchased from a
commercial supplier (Tranen Revegetation Systems) in 2012

and were collected from wild populations in the Swan
Coastal Plain region of Western Australia. Seeds of the
waterlily Nymphaea lukei were collected from wild popula-
tions in the Kimberley region of Western Australia in June
2013. All seeds collected from the wild were collected at the
point of natural dehiscence and were fully mature. All seeds,
including those purchased from commercial suppliers, were
stored in open laminated foil bags in a Controlled
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Environment facility (CE: 15% RH, 15°C) at Kings Park
and Botanic Garden, Western Australia prior to experimen-
tal work. For convenience of handling, and to reduce the
likelihood of microbial contamination during respirometry
and germination trials, seeds of A. hemiglauca and S. spathu-
latum were removed from their covering structures. In order
to ensure 100% seed fill prior to respirometry trials, all seeds
used were x-rayed (Faxitron Specimen Radiography System
MX-20 Cabinet, AZ, USA), and seeds showing absence of or
damage to the embryo and endosperm were removed. In
order to determine seed dry weight, three replicate samples
of between 5 and 50 seeds (depending on seed size) were
dried in an oven at 65°C for 4 days before being weighed
(Mettler-Toledo PB405-S Greifensee, Switzerland).

Four species used in this study were dormant at the time of
collection (Table 1). Seeds of A. ancistrocarpa and S. spathu-
latum possessed physical (PY) dormancy, which was alle-
viated by immersion in hot water (95°C) for 2 min (Erickson
et al., 2016b, 2016c) the day prior to respirometry trials. In
order to determine whether the assessment of seed viability
via respirometry was possible in dormant seeds, R. anglocan-
dicans and N. lukei were physiologically dormant at the time
of experimentation.

Our preliminary experiments conducted on dry seeds of
corn and climbing beans showed limited VCO,, or VCO,
below the detection limits of our system, which is consistent
with published evidence of a significant increase in aerobic
metabolic activity in seeds that have been hydrated (Walters
et al., 2005; Bewley et al., 2013). Therefore, we conducted a
water-uptake experiment on seeds of all species in order to dis-
cern the approximate time taken to reach stage two of imbibi-
tion, where respiration slows prior to germination (Bewley
et al., 2013). The initial weight of dry seeds was determined by
weighing three replicates of 20 dry seeds. Seeds were then
placed into 90 mm Petri dishes lined with glass filter paper and
irrigated with 12 mL of water, and blotted dry and reweighed
at 0.5, 2, 4, 6, 8, 24, 48, 72 and 96 h. Seeds were considered
to have reached stage two of imbibition when water uptake
plateaued after an initial rapid increase, which ranged in time
between species from 8 (e.g. S. lycopersicum) to 24 h (e.g. Z.
mays) (data not shown). Prior to respirometry measurements,
seeds were imbibed to the pre-determined imbibition time.

Thirty minutes prior to the respirometry measurements, half
of the imbibed seeds were killed using a conventional micro-
wave (830 W for 5 min) and marked with acrylic paint. For
the larger seeded species A. ancistrocarpa, A. hemiglauca,
B. attenuata, P. vulgaris, S. spathulatum and Z. mays, pools
of 100 seeds, both alive and dead, were established, while
two pools of 200 seeds each were established for G. wickha-
mii. For the remaining smaller-seeded species, pools con-
sisted of at least 2 g of seed each. Respirometry trials were
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conducted using a randomized, repeated measures design;
whereby blends of seeds with differing proportions of living
and dead seed (0, 25, 50, 75 and 100%) were made from the
two larger pools of living and dead seed. Each blend of per-
centage alive (i.e. 0, 25, 50, 75 and 100%) was replicated six
times. For larger seeds, the same number of seeds was used
per species for every respirometry trial (A. ancistrocarpa, A.
hemiglauca, B. attenuata, P. vulgaris and Z. mays n = 8),
while smaller seeded species’ seed lots were made up to
~0.5 g. Pools of seeds were kept in closed Petri dishes con-
taining moistened filter paper while respirometry measure-
ments were not being made.

A LI-COR 6400XT portable photosynthesis system with
an infra-red CO, gas analyser (LI-COR Inc. Lincoln, NE,
USA) was adapted for use as a flow-through respirometry
system (Fig. 1), similar to that described by Withers (2001).
Incurrent air was passed through the LI-COR’s soda lime
(predominantly calcium hydroxide, LI-COR, Inc. Lincoln,
NE, USA) and Drierite (anhydrous calcium sulphate, W.A.
Hammond, Xenia OH, USA) columns to remove CO, and
H,O vapour, respectively. Using the ‘Insect RD’ configur-
ation on the LI-COR and a custom built plastic chamber
(ranging in size from 1 to 10 cm® depending on the size of
the seeds), the airflow from the LI-COR was passed through
the chamber containing the experimental seed lot at a rate of
60-100 mols™'. The excurrent air was then analysed with
the LI-COR’s infra-red gas analyser (IRGA) for CO, (umol mol™!
of air). Baseline readings of background CO, were run for
20 min before and after each 20-min trial period. The IRGA
was calibrated at the end of the respirometry trial using
1325 ppm CO; calibration gas (BOC, Australia). All measure-
ments were made at room temperature of ~24.5°C. The result-
ing FgCO, was used to calculate metabolic rate following
Withers (2001) using a custom-written Visual Basic program
(P. Withers, pers. contribution).
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Figure 1: Schematic of the LI-COR 6400 XT unit modified to enable
flow-through respirometry of seeds. Modification involves the
placement of a metabolic chamber (a syringe barrel ranging in
volume from 1 to 10 cm®) between the flow metre and the sample
IRGA, external to the analysis head, which would usually incorporate a
leaf photosynthesis chamber, and a shortening of all external hoses
to decrease washout rate. No internal modifications were made.
Dashed arrows indicate direction of airflow.
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After completion of respirometry trials, both living and dead
non-dormant seeds were plated on to sterile, solidified water
agar (0.7%) contained within 90 mm Petri dishes. Dishes
were wrapped in plastic film to prevent water loss, and
placed in an incubator at 25°C (Erickson et al., 2016a) under
a daily photoperiod of 30 pmolm™s~!, 400-700 nm cool
white fluorescent light. Seeds of R. anglocandicans were pla-
ted on agar containing 2.89 mM gibberellic acid (GA3) and
incubated at 25°C, while seeds of N. lukei were placed in
10 mL plastic tubes containing 10 mL of sterile deionised
water and incubated at 35°C (Dalziell, 2016). Seeds were
scored for germination; defined as radical emergence >
2 mm, every 2-3 days for a total period of 42 days. Seeds
that did not germinate were subject to a cut-test, and in
some cases, a tetrazolium test, where uniform bright red/
pink staining of the embryo confirmed viability (ISTA,
2017).

The effect of seed dry mass on absolute VCO,
(Lh~"seed™) was interrogated by applying a non-linear
regression to the 100% alive blends using the nls procedure
in the R statistical environment (R Core Team, 2017). The
allometric relationship fitted was a power function:

VCOZ =a X Mb

where, a is a constant (intercept), M is the dry mass of the
seed in grams and b is the allometric scaling exponent. In
order to compare our measurements of allometrically cor-
rected VCO, to data previously published by Garwood and
Lighton (1990), VCO, measurements were converted to
VO, by assuming a respiratory exchange ratio (RER) of 1,
i.e. a 1:1 exchange of O, consumed to CO, produced.

In order to quantify the relationship between seed viabil-
ity and metabolic rate, VCO, for individual species was allo-
metrically corrected using the scaling factor resolved above
to pL(CO,) g " h™'. We used a model-comparison
approach where two global linear regression models were fit-
ted between experimental viability blends and the allometri-
cally corrected VCO, using the nls protocol. The first of
these models fitted both a slope and intercept, while the
second assumed that VCO, of a completely dead seed lot
(where viability = 0%) should be zero. We selected the most
appropriate of these two candidate models on the basis of
the Akaike Information Criterion (AIC) (Burnham and
Anderson, 2002) using the R package AICcmodavg
(Mazerolle, 2016). To separate unique relationships between
viability and VCO, for individual species, the parameters of
the most appropriate models were grouped by species (Ritz
and Streibig, 2008), and the grouped model was compared
to the global model, again using AIC. The assumption
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underpinning this technique is that a model that explains
statistically greater proportions of the variability in the data
indicates effects of the factor by which the data were
grouped, in this case interspecific differences. Data are pre-
sented as means + 1 standard error.

Results

In seed batches of 100% viability, VCO, increased with
increasing dry mass (log likelihood = —129.04, df = 3), with
an allometric scaling exponent of 1.09. However, there was
a significant amount of variation in the relationship [residual
sum of squares (RSS) = 151.9]. For example, high metabolic
rates were measured seeds of E. gamophylla (532.6 + 93.6
pL g™ h™Y, A. ancistrocarpa (396.1 + 34.0uLg"%h™1),
Z. mays (367.5 + 21.6 yL.g"%’ h™") and P. vulgaris (320.20
+ 25.0pLg" % h™Y), compared to S. spathulatum (34.0 +
4.4 1L g " h™Y), G. wickhamii (32.5 + 2.3uLg"h™Y), R.
anglocandicans (20.5 + 1.6 pLg"%° h™!) and N. lukei (4.2 +
1.0 pL g%’ h™'). When converted to VO, and compared to
Garwood and Lighton’s (1990) previous allometry of meta-
bolic rate in angiosperm seeds (Fig. 2), our data are well
within a similar range of values, although a high level of
variability is present in both relationships.

Across the 12 species tested, there was a significant positive
relationship between increasing seed viability and allometri-
cally corrected VCO, (log likelihood = 268.6, df = 2; RSS =
4.23). The regression model assuming VCO, of zero in dead
seed batches (K = 2, AICc = -533.1, AAICc 0.00, log-
likelihood = 268.6) better explained the patterns in the data
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0.0001 1 VO, = 0.0865 x M1
o R?=0.623
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£ 2 VO, = 0.0285 x M6
i R?=0.589
o
>
01
1 T T T T ']
10 1 0.1 0.01 0.001 0.0001

Mass (g)

Figure 2: The allometric relationship between seed dry mass and
oxygen consumption (VO,). CO, consumption data from the present
study were converted to VO, by assuming an RER of 1 (open circles,
dashed line) and plotted against data presented by Garwood and
Lighton (1990) (closed circles, solid line).
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than the model that fitted an intercept other than zero
(K = 3, AICc = 531.3, AAICc 1.86, log-likelihood = 268.7).
The best fitting model resulted when the slope of the zero-
intercept global model was grouped by species (K = 2, AICc =
—533.1, AAICc 429.1, log-likelihood = 268.6). This model
was also more appropriate than the unique models fitted to
each individual species (K = 13, AICc = 1025.3, AAICc =
0.00, log-likelihood = 526.2).

The slopes of the species-specific relationships between
viability and VCO, generally demonstrated positive linear
relationships between increasing seed viability and VCO,,
but with substantially different slopes (Fig. 3). For seeds of
A. ancistrocarpa, B. attenuata, G. wickhamii, P. vulgaris, R.
anglocandicans, S. spathulatum and Z. mays, seed viability
was a good predictor of VCO, (Fig. 3). For other species
such as A. hemiglauca, N. lukei and S. lycopersicum, viabil-
ity explained less of the variance in VCOs.

Living seeds of most species germinated to 100% within 28
days, except B. attenuata (98%), G. wickhamii (84%), N.
lukei (77.5%) and R. anglocandicans (4.2%). Cut testing
confirmed the viability of the non-germinated seeds of B.
attenuata, G. wickhamii and N. lukei, while a combination
of cut testing and tetrazolium staining confirmed viability in
seeds of R. anglocandicans. No germination was recorded
for any of the dead seed batches.

Discussion

The accurate assessment of seed viability is essential for the
ongoing success of ex situ seed storage. Traditional methods
of assessing viability are often time consuming (e.g. germin-
ation), destructive (e.g. cut-testing) or inconclusive (e.g. tetra-
zolium staining) in their result. These difficulties are
particularly evident when working with the heterogeneity of
dormancy and germination patterns associated with seeds of
wild species. Our data are strongly suggestive that measuring
metabolic rates (VCO,) via flow-through respirometry is
indicative enough of seed viability to provide a quicker, less
destructive viability assessment method. The novelty of
applying this approach to plant seeds has brought some con-
siderations to light that need to be addressed in order for this
technique to gain broad applicability.

Although our overarching aim was to investigate relation-
ships between seed viability and VCO,, our first challenge
was to account for the effects of interspecific mass differences
on VCO,, as with all comparative studies of metabolic rate
(White et al., 2007). The positive relationship in which
VCO, increased proportionally with seed mass (Fig. 2) is
consistent with the wider literature investigating the effect
that mass has metabolic rate in animals (Kleiber, 1932) and
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plants (e.g. see Reich et al. (2006), Mori et al. (2010) and
Price et al. (2010)) and the scaling exponent of 1.09 is within
the range discussed for universal scaling laws between mass
and metabolic rate (White et al., 2007). Although this value
is not consistent with either of the major theories of meta-
bolic scaling (West et al., 1999; Brown et al., 2004), we
remain dubious of this, at least until a larger body of data
can be subject to appropriate phylogenetically corrected ana-
lysis (Feder, 1987; Garland and Adolph, 1994).
Furthermore, our data are relatively consistent with those
presented by Garwood and Lighton (1990), although we
have assumed a RER (i.e. the ratio between CO, produced
and O, consumed during respiration) of 1 in order to con-
vert between VCO, and VO,. This would be consistent for
respiration of entirely carbohydrate substrates that are the
predominant fuel in pre-germinative metabolism (Withers,
1992; Bewley ef al., 2013). Our data become less congruent
with those of Garwood and Lighton (1990) if RER is
reduced by the introduction of a greater proportion of lipids.
Given that there is no evidence for the most appropriate
RER in angiosperm seeds, this assumption remains untested.

Although the relationship between seed mass and VCO, is
largely consistent with expectations, there is a substantial
amount of unexplained variation within the relationship
(R* = 0.62, Fig. 2). For example, seeds of E. gamophylla, A.
ancistrocarpa, Z. mays and P. vulgaris show a high VCO,
relative to their mass, while N. lukei and R. anglocandicans
show a low VCO, relative to their mass. All four highly active
species germinated to 100% within 4 days in post-
respirometry germination testing, whereas the two low-
activity species reached 77.5 and 4.2% germination, and were
slower to germinate (rate data not shown), suggesting both
dormancy and seed vigour play a role in overall metabolic
rate (Bradford et al, 2013; Bello and Bradford, 2016).
However, there is currently an incomplete understanding of
the relationship between seed dormancy and whole seed res-
piration. Previous studies have shown that dormant and non-
dormant bitterbrush seeds (Purshia tridentata) produce the
same amount of CO, (Booth and Sowa, 2001), while experi-
ments with red rice (Oryza sativa) showed almost four times
less O, consumption on a per seed basis in dormant seeds
compared with non-dormant seeds (Footitt and Cohen, 1995),
and dormant tomato seeds (S. lycopersicum, GA-deficient
mutant line) consumed significantly less O, than non-dormant
seeds (ABA-deficient mutant line) (Bello and Bradford, 2016).

Allometric studies within broad groups of animals have
offered insights into many organisms’ physiological ecology
(McKechnie and Wolf et al., 2004; Chown et al., 2007
White et al., 2007), and divergence from the expected pat-
terns have raised questions concerning the phylogenetic and
ecological correlates of this deviation (Withers et al., 2006).
The species tested here represent a wide range of phylogen-
etic heritage and ecotypes, along with adaptive variation
unique to plant seeds, such as seed dormancy type, embryo
type and plant life form (Table 1). The breadth of variability
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VCO, data, with means + standard errors presented. The equations describe the relationship between viability and metabolic rate for each
species. Intercepts in parentheses denote the less parsimonious viability function, where the metabolic rate of dead seeds was not presumed to

be zero.

in these traits far exceeds that of most groups studied so far,
and the 34 species represented by including our data with

terms of relationships

those reported by Garwood and Lighton (1990) reflect only
0.009% of the estimated global plant diversity (RBG Kew,
2016). This suggests to us that the investigation of phylogen-

etic and ecological correlates of metabolic rate in plant seeds
is an intriguingly open and potentially lucrative field of
study, which may offer unique insights for seed biology, in

between metabolism and seed dor-

mancy, and seed storage and seed viability.

We found a consistent, significant linear relationship
between seed viability and VCO,, which is consistent with
the linear relationship between O, influx and individual seed
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viability presented by Xin et al. (2013). By measuring
batches of imbibed seed from 12 agriculturally important
and native Australian species, the significant linear relation-
ship that we found between seed viability and metabolic rate
(Fig. 3) indicates that, with appropriate replication and con-
struction of calibration curves, measurements of metabolic
rate can be used to infer seed viability in many other species.
The significant interspecific variation in this relationship,
however, suggests there to be equally powerful patterns of
phylogeny and ecotype in the relationship between seed via-
bility and VCO, as there are between seed mass and VCO,.

For seeds of A. ancistrocarpa, B. attenuata, G. wickhamii,
P. vulgaris and Z. mays, seed viability explained the majority
of the relationship with VCO, (i.e. 7> > 0.80), compared to
seeds of A. hemiglauca, N. lukei and S. lycopersicum (r* <
0.6) which were more variable. The Nymphaea are an
ancient member of the ANA-grade basal angiosperms, and
there is currently a limited understanding of their seed dor-
mancy (Dalziell, 2016). Therefore, it is entirely likely that
variation in dormancy depth between individual seeds in
each experimental blend contributed substantial uncon-
trolled variation to our data. The Solanum seeds that we
sourced, however, were from a commercial supplier of agri-
cultural cultivars. Seeds such as these are typically bred for
very low levels of interspecific variability and predictably high
levels of germinability. Likewise, the Atalaya seeds, although
sourced from the wild are non-dormant (Cook et al., 2008).
As such, the potential source of variance to their metabolic
rates remains elusive, and indicates our naivety concerning the
factors that contribute to patterns of metabolic rates, even in
the species with which we are most familiar.

Whilst the measurement of seed metabolism as we have
described here can be used to infer viability in a batch of seeds,
there are a few considerations to note when using this tech-
nique. For example, seeds of N. lukei produced only 4.2 +
1.0 pL g% h™! of CO,, which is close to the lower detection
limit of the IRGA used to measure CO,. As such, the number
of small seeds required to obtain an identifiable signal may
not be sustainable for small seed collections. Furthermore,
this is greatly amplified if seed dormancy results in substantial
metabolic depression (Guppy and Withers, 1999). Care must
also be taken to ensure seeds are appropriately hydrated dur-
ing the measurement periods, as drying may reduce overall
metabolic activity (Garwood and Lighton, 1990; Walters
et al., 2005; Bewley et al., 2013).

While imbibing seeds prior to making measurements of
metabolism obviously negates the ability of seeds to be
returned to storage, the technique we have presented here is
much less destructive than traditional cut-testing and tetrazo-
lium staining. Furthermore, we were able to make accurate
measurements of seed viability, even from dormant seeds, in
a matter of hours (i.e. 20 min for each replicate), compared
to the number of weeks or months sometimes required for
germination testing. For larger-seeded species (i.e. 7 out of
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12 species) this was also achieved using the same number of
seeds routinely used for germination testing (i.e. the number
of living seeds ranged from 100 to 200 seeds). While we did
require more of the smaller seeds than is used for an average
germination test, further refinements in this technology could
improve the detection limits of the system, and may also
offer a truly non-destructive measurement of seed viability.

The measurement of metabolic rates has a long heritage, and
there is a diversity of approaches to it, each with their own
strengths and limitations (Lighton, 2008). Traditionally,
closed-system respirometry would be used where the metabolic
rates are low in comparison to background variation (Vleck,
1987; Lighton, 2008) and this approach has been used in pre-
vious studies measuring VO, of plant seeds (Garwood and
Lighton, 1990; Bradford et al., 2013; Bello and Bradford,
2016). There are several advantages to measuring seed VCO,
in a flow-through system, as we have done here, however. As
air is allowed to pass through the metabolic chamber during
the measurement period, neither hypoxia nor hypercapnia
become limiting (as long as appropriate flow rate is main-
tained). For this reason, there is no impact of measurement
technique on the resulting metabolic rates, nor on post-
measurement germination. Secondly, simply imbibing seeds,
rather than requiring them to germinate, significantly reduces
the amount of time required to investigate viability or vigour,
which is especially important for slow-germinating species.
Nevertheless, handling time with the LI-COR system that we
used here is high, because only single seed batches can be mea-
sured at any one time, and the development of a more specific-
ally engineered respirometry system, capable of measuring
multiple seed batches at once, would be a substantial step for-
ward. Finally, the establishment of an appropriate RER for
seed metabolic rates is clearly critical in understanding many
aspects of seed metabolic ecology. Nevertheless, given that the
measurement of metabolic rate provides an alternative tech-
nique for the investigation of seed viability, and may be a use-
ful addition to the viability monitoring ‘toolkit’ for seedbank
managers, these future developments are sure to be fruitful ave-
nues of investigation.
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