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e Premise of the study: Most seed dispersal studies focus on the spatial aspects of propagule dissemination, i.e., the movement

of seeds away from the mother plant. However, the timing of seed release can also be a critical variable influencing the prob-
ability of seedling survival. We used a biomechanical approach to analyze seed release in Chorizanthe rigida, a serotinous
desert annual, to understand the adaptive significance of seed retention in this species.

e Methods: We performed pull-to-break tests on individual propagules (i.e., involucres and achene) from newly developed and

older plants, under dry and wet conditions, and recorded the breaking force. We measured the involucral base area using digital
images and image processing software.

e Key results: There is a positive correlation between the force required to detach an involucre and the size of its base area. The

force required to detach involucres from soaked and older plants was lower than that for dry and new plants. This pattern pro-
vides a mechanism for the plant to regulate the number of involucres released in different rain events.

e Conclusions: Seed release in C. rigida is mediated by propagule morphology, rainfall conditions, and age of the dry plant.

These factors allow this species to cope with desert environmental variability by influencing the timing and number of seeds
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released.
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Seed dispersal begins with the release of the seed into the en-
vironment, continues with movement of the seed away from the
mother plant, and culminates with germination of the seed (van
Rheede van Oudtshoorn and van Rooyen, 1999). Either by deliv-
ering the seed to a suitable site or by enabling the use of an
ephemeral resource pulse, this process is decisive; the seed is
the most mobile life-stage of a plant and will greatly determine
whether a plant will survive to produce more seeds. In pulse-
driven ecosystems, such as deserts, where rains are infrequent
and unpredictable, the timing of seed release is crucial because
low soil moisture limits germination and seedling survival
(Noy-Meir, 1973). In some desert plants, seed release is triggered
by rainfall, a hygrochastic seed dispersal mechanism that allows
them to synchronize seed release with high water availability
(Friedman et al., 1978; van Rheede van Oudtshoorn and van
Rooyen, 1999; Gutterman, 2002; Hegazy et al., 2006). Further-
more, in arid ecosystems with unpredictable rainfall, variability
in the percentage and timing of seed germination can increase the
probability of survival by allowing only a portion of the seed
bank to germinate while the rest stays dormant to germinate dur-
ing later water pulses as a bet-hedging strategy (Philippi, 1993;
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Gutterman, 2002). Although delayed seed dispersal has received
less attention, it may also contribute to variability in seed germi-
nation in serotinous desert plants, which form aboveground seed
banks by retaining seeds on the mother plant and releasing frac-
tions of them after a rainfall event for several years depending
on the amount and frequency of rainfall (Friedman et al., 1978).
Here we studied the mechanism of seed release in a serotinous
desert plant, Chorizanthe rigida (rigid spineflower, Polygona-
ceae), using a biomechanical approach.

Biomechanics has been used to study four mechanisms of
seed dispersal: (1) the kinematics of explosive dispersal of
spores, pollen, and seeds with ballistic or catapult mechanisms
(Witztum and Schulgasser, 1995; Murren and Ellison, 1998;
Read and Stokes, 2006; Taylor et al., 2006; Endo et al., 2010;
Hayashi et al., 2010; Martone et al., 2010; Evangelista et al.,
2011); (2) the lift-to-drag, descent rate, and dispersal distance
of wind dispersed winged propagules that exhibit “passive” dis-
persal (Greene and Johnson, 1993; Peroni, 1994; Vogel, 2003;
Read and Stokes, 2006; Lentink et al., 2009); (3) the effect of
wind on abscission, release, and dispersal distance of wind-
dispersed propagules (Greene, 2005; Marchetto et al., 2010);
and (4) the brittleness or ease-of-fracture of branches or stem
segments for vegetative reproduction (Beismann et al., 2000;
Bobich and Nobel, 2001). What all these mechanisms have in
common is that they are concerned with the movement of prop-
agules away from the mother plant, that is, how the dispersal
distance is biomechanically determined. A less explored topic
is the ecological and evolutionary significance of the timing of
seed release. In many plants, seed release is not a random event
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(Greene, 2005; Marchetto et al., 2010) and may play a critical
role in successful establishment, as the time when embryos are
released to the environment has potentially important demo-
graphic consequences. In the case of species with rain-triggered
dispersal mechanisms that have evolved in arid ecosystems
with highly variable precipitation, the ability to release seeds
after a favorable rainfall event or to regulate the number of
seeds released is directly related to the plant’s fitness.
Chorizanthe rigida is a winter desert annual, growing only
2-10 cm high, and found across the Sonoran and Mojave des-
erts of North America. It forms an aboveground seed bank by
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retaining seeds in its lignified, spiny, stout stems for several
years (Fig. 1A). Its seed dispersal is triggered by rainfall events.
The seeds, contained in involucres formed by three bracts hold-
ing one central achene (Fig. 1B), are held on to the branch by a
hygrochastic-tissue base that swells and softens when wet, al-
lowing the detachment of the whole dispersal structure or prop-
agules (achenes + involucres) when triggered by the pounding
of raindrops (Fig. 1C, D). Undispersed involucres remain
attached to the plant as the lignified tissues redry (Ellner and
Shmida, 1981; van Rheede van Oudtshoorn and van Rooyen,
1999; Felger, 2000; Baldwin et al., 2002). The involucres of

Fig. 1.
the dehiscent tissue at the base of the involucre.

(A) Chorizanthe rigida whole dry plant, (B) involucre, (C) involucre base, and (D) electron-microscope image (1500x) of dehydrated cells of
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C. rigida and their hygrochastic dehiscive tissue vary in size
within individuals and among populations (Felger, 2000). Be-
cause the base of the involucre controls seed release, such size
variation can have important consequences for both the timing
of seed release and the number of propagules released in re-
sponse to environmental conditions.

Here we explored the relationship between the basal cross-
sectional area of involucre pedicels of C. rigida and their ease
of release. We tested the hypothesis that for pedicel base area to
be a selective trait contributing to the plant’s fitness there should
be a correlation between these two variables. We employed a
biomechanical approach to measure the force needed to detach
propagules. We predicted that the force needed to detach invo-
lucres with larger base areas will be higher than that used for
involucres with smaller base areas. We also predicted that wet
involucres would detach more easily than dry involucres and
that the force needed to detach involucres from older plants
(i.e., plants from past years) would be lower than that needed
for newly grown plants.

MATERIALS AND METHODS

Sampling—Individuals of Chorizanthe rigida were collected from popula-
tions in the Mojave and Sonoran deserts in California (USA), in the central part
of the biogeographic range of the species. Plants belonging to the 2009-2010
cohort were collected at the end of the growth season (summer 2010) to avoid
tissue weathering and decomposition. To perform additional tests on the effect
of weathering on seed release, we also collected individuals that showed visible
signs of weathering, indicating they had established at least 1 yr before the
2009-2010 cohort.

Tensometer experiment—The force causing involucre detachment (F,
breaking force) was measured by conducting pull-to-break tests using a ten-
someter. The tensometer consisted of a precision scale attached to a Test Stand
for Force Gauge (Phase II AFG-1000, Calright Instruments, San Diego, Cali-
fornia, USA). Either a Pesola Micro-Line Spring Scale (PESOLA AG, Baar,
Switzerland; capacity: 1 N, precision: 0.01 N) or a Pesola Medio-Line Spring
Scale (capacity: 3 N, precision: 0.02 N) was used depending on the size of the
involucre. To improve readability, we used a drag-pointer recorder in the
medium-line (3 N) scale to mark the breaking force, whereas for microscale
readings (<1 N) breaking force was recorded visually because friction in the
drag-pointer could add significant bias in very low readings. The crocodile
clamp at the other end of the scale was directly attached to large involucres
(Fig. 2). Smaller involucres were secured with a mini surgical clamp (Mini
Bulldog Serrefines, Fine Science Tools, Foster City, Californai, USA) with a
serrated jaw of 6 X 22 mm dimensions) that was attached to the crocodile
clamp.

During measurements, each individual was tightly secured on a vise from its
taproot at the base of the plant, and the crocodile or hemostatic clamp was
placed at the seed holding portion of the involucre while still dry. Care was
taken to place the plant so that the involucre—clamp—pesola system was at a 90°
angle from the workbench. If the involucre was not released after applying the
force, it was manually removed to avoid reusing the same involucre twice. In-
formation on release or no-release was also recorded. After setting up the invo-
lucre to the clamp, we initially measured the force needed to release dry
involucres. Afterward, we measured wet involucres by applying water with a
dropper to soak the entire involucre. The smallest involucres soften quicker and
were tested ca. 5 min after soaking, the medium-size involucres were tested
after ca. 15 min, and the largest involucres were given 30 min to soak before
testing. The period of wetting was decided according to the range of the mea-
suring instruments. Tensile force was applied by releasing the lever of the stand
at a slow and constant rate until the involucre was released from the plant, and
breaking force (F}) was recorded. Not all involucres could be tested because
after initial wetting many of the smaller propagules became so loose that they
were released as they were attached to the mini-clamp, before any tensile
strength could be applied. Conversely, some of the larger involucres failed to
detach within the force range of our largest tensometer (3 N). The basal cross-
sectional area of these recalcitrant involucres was significantly larger than that
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Fig. 2. Tensometer set-up consisting of (A) individual of Chorizanthe
rigida (B) clamp, (C) stand, (D) mobile gauge-holding device, (E) force
gauge, and (F) a crocodile clamp. The gauge-holding device is activated
mechanically; it is placed at the lowest end of its mobility range by turning
the lever counter-clockwise. Releasing the lever causes the device to move
upward applying tensile force to the clamped propagule.

of the experimentally detached ones (1.32 £ 0.09 mm? vs. 0.86 £ 0.03 mm?; r =
4.67; df = 53; P < 0.0001).

Morphological measurements—Involucre images (frontal and base views)
were obtained using a dissecting scope (Nikon SMZ 745T) and a digital camera
(Infinity 1). Two morphometric variables were measured from the involucre
images: (1) involucre base cross-sectional area and (2) the area of the seed re-
ceptacle in the involucre (referred hereafter as involucre size), measured as the
projected area of the involucre’s central “belly”, without the bracts. Areas were
defined with points marked using a custom program made in Matlab 7.5 with
the Image Processing Toolbox 6.0 (MathWorks, Natick, Massachusets, USA).

Statistical model and analyses—We performed two separate analyses.
First, we analyzed data from new plants that had been subject to involucre soak-
ing. We obtained breaking force estimates for a total of 221 involucres (we did
not include data from involucres that did not detach during the tensile test). We
tested for a linear relationship between the breaking force measured experimentally
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and the pedicel base cross-sectional area with an intercept of zero. We also
tested the effect of involucre size as a covariate in a linear model to analyze the
possible additive effect of involucre size on the breaking force.

Second, we analyzed the effect of the base area, wetting (with two levels:
wet and dry), and weathering (with two levels: old and new) on the force
needed to release the involucres, and the interactions between base area and
wetting, base area and weathering, and hydration and weathering. We also
tested whether wetting, weathering, and their interaction affected the breaking
strength (force divided by the base area). A total of 253 involucres were exam-
ined in this second analysis, including new and older plants, tested under dry
and wet conditions, and excluding those involucres that did not detached under
the maximum tensile force of our equipment.

RESULTS

In the analysis of new plants, we found a significant positive
correlation between the force necessary to detach the involucre
and the base area (12 = 0.42; F| ,;9=156.8; P <0.0001), and the
intercept did not differ significantly from zero (-0.96 + 0.60;
P =0.11; Fig. 3). The mean squares regression slope, an indica-
tion of the average tensile strength of the tissue, was 6.1 = 0.9
(SE) kKN/m? (the standard unit of 1 kN/m? is equivalent to a
breaking force of 1 mN/mm? of involucre base cross-sectional
area). We did not find a correlation between breaking strength
(in kN/m?) and the base area of the involucre (r* = 0.006; F ,,; =
1.257; P = 0.263), suggesting that breaking stress is constant
for all base areas. Additionally, once the main effect of base
area had been included into the model, we analyzed the effect
of involucre size on the force needed to detach the involucre,
and we did not find a significant effect (> = 0.01; F} 5,9 =2.7;
P =0.1), in accordance with the hypothesis that base area resis-
tance is independent of propagule size.

In the second set of analyses, we found a significant effect of
base area, hydration, weathering, and the interaction between
base area and hydration, base area and weathering, and hydra-
tion and weathering. However, quantitatively, most of the vari-
ation was explained by base area and hydration (Fig. 4; Table 1).
In agreement with these results, we also found a significant
effect of hydration, weathering, and the interaction between

force (mN)

base area (mm?2)

Fig. 3. Correlation between involucre base area and the force (F) nec-
essary for involucre detachment (= 0.65; df =219; P < 0.0001). The slope
of the fitted least-squares line defines the mean breaking strength, or area-
specific tensile breaking force (F, = 6.1 + 0.9 kN/m?).
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Fig. 4. Effects of plant age and pedicel wetting on the involucre break-
ing force (mean + SE; n = 3 for recent plants with dry pedicels, n =221 for
recent wet, n = 6 for old plants with dry pedicels, n = 26 for old wet). Dif-
ferent letters indicate significantly different (P < 0.05) means for a ¢ test
with unequal sample sizes.

hydration and weathering on breaking stress, with a quantita-
tively larger effect of hydration (Table 2).

DISCUSSION

The force needed to detach involucres and the base area of
involucres was positively correlated in new plants subjected to
soaking (Fig. 3), indicating that thicker pedicels tend to retain
seeds more strongly than thinner ones. We also found a signifi-
cant effect of wetting and weathering on the force needed to
detach the involucre (Fig. 4). Thus, given similar bases, wet and
older involucres release seeds more easily than involucres that
are dry or have not been subject to weathering. Collectively,
these results indicate that seed release in C. rigida is regulated
by the biomechanical properties of the involucral pedicel. On
the other hand, we did not find a positive correlation between
the area-specific tensile strength and the cross-sectional area
of the involucres, implying that the mechanical properties of
involucral pedicels were similar for all sizes. The force needed
to detach a propagule from a plant is best predicted as the prod-
uct of the tensile strength of the base of the pedicel and its
cross-section area, as predicted by standard material resistance
theory (Vogel, 2003).

In C. rigida, as in other hygrochastic species, the determi-
nants of pedicel softening and seed release are related to the
properties of cells and tissues. The biomechanical properties of
plant tissues are greatly determined by the cell wall and the
nature of the middle lamellae, including the structure and ori-
entation of the cellulose fibrils (Burgert and Fratzl, 2009;
Geitmann, 2010; Weinkamer and Fratzl, 2011) and the propor-
tion of hemicellulose (Chanliaud et al., 2002; Ryden et al.,
2003; Cosgrove and Jarvis, 2012), pectin (a hydrophilic mole-
cule; Cosgrove, 1997; Whitney et al., 1999), and lignin (a hy-
drophobic molecule) in the wall (Boudet, 2000; Donaldson,
2001; Jones et al., 2001; Sperry, 2003; Peter and Neale, 2004).
These compounds can strongly affect how changes in humidity
impact the biomechanics of plant tissues. Most hygrochastic
plants show active opening of plant organs, such as capsules,
inflorescences, or entire plant branches, caused by the moisture-
driven antagonistic response of two different dead-cell tissue
layers where a swelling tissue with thick cell walls expands
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TaBLe 1. ANOVA table showing the effect of base area, hydration,
weathering, and the interactions on the force needed to detach the
involucres.

Source df F r? P

Base area 1 113.4 0.18 <0.001

Hydration 1 175.6 0.28 <0.001

‘Weathering 1 27.9 0.04 <0.001

Base area X hydration 1 32.1 0.05 <0.001

Base area x weathering 1 18.6 0.03 <0.001

Hydration X weathering 1 21.3 0.03 <0.001

Residuals 246

Total 252

perpendicularly to the orientation of cellulose microfibrils
(Fahn and Werker, 1972; Ellner and Shmida, 1981; Gutterman
and Ginott, 1994; van Rheede van Oudtshoorn and van Rooyen,
1999; Hegazy et al., 2006; Burgert and Fratzl, 2009; Pufal et al.,
2010). Chorizanthe rigida, however, does not show active
movement of organs. Instead, tissue at the base of its involucres
swells and softens when wet, allowing the detachment of the
involucre by the pounding of raindrops, tightly holding the in-
volucre again when the base dries up again. Despite the absence
of active movement, the final effect on seed release is similar to
the opening and closing of hygrochastic capsules because it al-
lows the plant to release or retain propagules through changes
in the hydration of the swelling tissue at the base of the involu-
cre (Fig. 1). Furthermore, decreased tensile strength in the sun-
and weather-exposed involucres in older plants is likely caused
by changes in the composition and structure of the cell wall.
Weathering of cellulosic materials causes lignin degradation
and cellulose depolymerization (Buschle-Diller and Zeronian,
1993). Tissue weathering in deserts is caused by a suite of abi-
otic processes including photodegradation, physical fragmenta-
tion, and leaching caused by wind or water erosion, and biotic
decomposition processes caused by soil microbiota (Montafia
et al., 1988; Austin and Vivanco, 2006).

The biomechanical features of C. rigida seed dispersal may
have important ecological implications. A hygrochastic seed
dispersal mechanism allows this species to synchronize seed
release to rainfall events, as reported for other desert annual
species (Friedman et al., 1978; van Rheede van Oudtshoorn and
van Rooyen, 1999). Furthermore, C. rigida is distributed in des-
ert areas with winter and biseasonal (winter and summer) rain-
fall patterns. Involucres with larger base areas could be more
strongly held to the plant, preventing seed release in response to
false rain cues, such as a small winter rainfall event or a sum-
mer storm when high temperatures would not allow survival of
a desert winter annual.

Plants are formed by a collection of modules, and changes
in meristem growth can result in important variation in form
and size of these individual plant parts (Martone et al., 2010).

TasLE 2. ANOVA table showing the effect of hydration and weathering
on the breakage force.

Source Df F r P
Hydration 1 130.1 0.32 <0.001
Weathering 1 10.0 0.02 0.002
Hydration X weathering 1 16.5 0.04 <0.001
Residuals 249

Total 252
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Intraindividual variation in modular structures can play a major
role in the way a given plant copes with environmental varia-
tion by giving different survival probabilities to different parts
of the plant. Our results showed that there is variability in the
breaking force needed to detach the involucres. Plants may re-
lease more or fewer involucres from their aboveground seed
bank according to a rainfall threshold, as an adaptive bet-hedging
dispersal strategy to cope with rain unpredictability. Although
our experiments did not simulate the exact conditions for seed
release from this plant in the field, the approach allows us to
assess biomechanically which involucres are more likely to be
dislodged. Our data may underestimate the true magnitude of
biomechanical variation in propagule ease of release because
we could not adequately measure the tensile strength of the
smaller and the larger involucres, which would have added ad-
ditional variation to the extremes of the data range. Finally, as
shown by our results, weathering, in the form of long-term ex-
posure to solar radiation and rainfall events, also increases the
ease of seed release. Thus variation in involucre dispersal in-
creases with the age of the plants’ cohorts.

Commonly, seed release in plants occurs when fruits reach ma-
turity, with the opening of the abscission tissue in the dried-out
pedicels or capsular sutures. Hygrochastic (i.e., water-triggered)
opening is present in the capsules of some desert families, such as
Liliacaeae, Agavaceae, and Onagraceae. Plants with hygrochastic
abscission of the fruit pedicel, are unusual in nature and, in North
American deserts they belong mostly in the Polygonaceae. Cho-
rizanthe rigida provides a good system to study the importance of
moisture cues in seed release of desert plants and the demographic
consequences of timing of seed release. Comparing the force
needed to release seeds across other desert taxa, many of which
provide seeds that sustain the complex guild of desert granivores,
should provide broad ecological information on wind and animal
dispersal. For example, it would be informative to test whether
larger-seeded species require larger animals as vectors and
whether their propagules require more force to detach.

Conclusion—Seed dispersal in C. rigida is controlled by in-
volucre base area and wetting and weathering of the propa-
gules. The biomechanical properties of involucre release and
dispersal in C. rigida are ecologically and evolutionarily rele-
vant because survival and establishment depend on the correct
timing of seed release to a favorable winter rainfall.
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