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ABSTRACT

Plants commonly respond to reliable cues about herbivores by inducing greater defenses. Defenses are
assumed to incur costs for plants when they are not needed. Sagebrush responds to volatile cues from
experimentally clipped neighbors to induce resistance against chewing herbivores. Rather than
experiencing costs, sagebrush seedlings that responded to dishonest cues were previously found to have
increased survival and established plants that responded produced more inflorescences and new lateral
branches. Here | report that young sagebrush plants that responded to cues added less vertical growth
than controls that were not presented with volatile cues. This tradeoff between induced resistance and
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vertical, overtopping growth may allow agronomists to increase defense without sacrificing desirable
traits. Overtopping growth is often beneficial for wild plants but often detrimental in agriculture.

Introduction

Many plants sense the risk of being attacked by herbivores and
adjust their defenses accordingly." Plants perceive a variety of
cues that predict future herbivory including insect footsteps
that rupture glandular trichomes on plant surfaces,” chemicals
associated with insect eggs that are glued onto plants,” and
chemicals associated with insect mouths and feeding."
Perception of reliable cues allows plants to induce defenses
to potential herbivores before they are actually attacked.” Both
common sense and theory argue that responding to cues will
only be effective if those cues provide reliable information.®™®
Plastic inducible defenses allow plants to adjust their traits to
protect against specific herbivores and pathogens and to save
costs associated with defenses when those threats are unlikely.
Many plants that are attacked by herbivores have been
found to emit volatile cues that neighbors perceive and respond
to, becoming more resistant as a result.” When sagebrush (Arte-
misia tridentata) was experimentally clipped with scissors to
mimic herbivore attack, it emitted volatile cues; neighboring
sagebrush plants in the field experienced reduced herbivory rel-
ative to individuals that did not receive volatile cues.'” In these
cases, the experimental clipping was a dishonest signal, indicat-
ing much higher levels of herbivore pressure than was actually
present. Sagebrush individuals in the field that responded to
these dishonest volatile cues experienced enhanced perfor-
mance; seedlings were approximately 10 x more likely to sur-
vive, and established young plants produced approximately
twice as many new branches and 20% more inflorescences
compared with controls that were not exposed to the volatile
cues.'’ New branches on these young sagebrush plants were
mostly lateral shoots; observations suggested that these lateral
shoots may have been “bushier” and less elongated, although

these traits were not measured. Established sagebrush plants
grow by increasing in area rather than height. Adult sagebrush
individuals that were exposed to volatile cues from damaged
neighbors tended to grow less than controls although these
results were not statistically significant.'”> Wild tobacco plants
(Nicotiana attenuata) exposed to dishonest volatile cues of
experimentally clipped sagebrush neighbors produced more
flowers and seed-bearing capsules than controls near unclipped
sagebrush neighbors."> Lima bean shoots (Phaseolus lunatus)
that were exposed to dishonest volatile cues produced more
leaves and inflorescences than untreated control shoots.'* In all
of these cases, the cues indicated an exaggerated risk of attack
because they were imposed by experimenters when actual risk
was lower.

If plant defenses are costly, we would expect individuals that
increase defenses in response to a dishonest cue should experi-
ence a reduction in reproductive success. These observed
increases in inflorescences, flowers, and seed capsules - putative
correlates of fitness - demand an explanation. One possible solu-
tion to this conundrum is that plants that elevate their defenses
in response to cues of herbivory experience a reduction in some
other expensive feature. The original growth-differentiation
model posited a zero-sum game in which resources invested in
defense were removed from the pool available for growth and
reproduction'” (Fig. 1A). Many studies that involve natural vari-
ation in defense, experimental elicitors, artificial selection, and
genetic manipulations have examined potential costs of defense.
The majority of these studies found evidence for costs of defense
although these costs were often ecological or opportunity costs
rather than costs in terms of diverted allocation of resources.'*"

This study evaluated whether sagebrush seedlings that were
exposed to volatile cues from experimentally clipped neighbors
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Figure 1. Models of allocation tradeoffs for plants. (A) In the classical model, a
finite set of resources is available for plants to allocate either to defense or to
growth and reproduction. Any resources allocated to one of these functions is
unavailable to the other. (B) In a more realistic model, plants allocate resources to
many different functions. Reducing allocations to any one function is not expected
to result in an increase in allocations to any other specific function.

grew differently than control seedlings exposed to cues of
unclipped neighbors. By examining seedlings which had not
yet produced lateral branches, vertical growth could be mea-
sured unambiguously, something that would not be possible
with more mature plants that often grow by adding branches to
their outer edges, rather than adding vertical growth. Specifi-
cally, I asked if costs of defense would be visible as a reduction
in vertical growth and as a reduction in the number of lateral
branches that were produced by plants that were exposed to
volatile cues of herbivory.

Methods

Sagebrush plants (Artemisia tridentata subsp. vaseyana) were
started indoors in pots (10 cm x 10 cm x 25 cm) from wild-col-
lected seeds. Plants were grown in potting soil (E.B. Stone
organic potting soil, Suisun, California, USA) and were pro-
vided with light (11:13 light: dark) and watered as needed.
Seedlings were thinned so that each pot contained one young
focal plant. Because the timing of germination was variable,
pairs of young focal plants were matched for size at the start of
the experiment; both individuals of each pair were of equal
height (range 2-8 cm for all pairs) and number of leaves. Initial
plant height affected height at the end of the experiment

although initial plant height was equal and not biased with
respect to the treatments. No plants used in the experiment
had side branches.

One young focal plant from each pair was assigned to
receive volatile cues from experimentally clipped neighbors.
This young plant was surrounded on 2 sides by larger plants
(18-26 cm tall) and the distal end of leaves of the branch of the
larger neighbors closest to focal plant were clipped with scis-
sors. Focal plants that were assigned to receive volatile cues
remained next to clipped neighbors for 24 hrs. The other young
focal plant from each pair served as a control that was sur-
rounded for 24 hrs by larger plants that were not clipped. All
focal plants used in these experiments were within 10 cm of
their clipped or unclipped surrounding neighbors. Following
the clipping treatment, all focal plants were kept > 1 m from
clipped plants for at least one week to prevent contamination
of controls with volatiles from clipped plants. Previous experi-
ments established that sagebrush emits cues for up the 3 d that
neighbors respond to.'® This artificial clipping treatment has
been found consistently to provide volatile cues that induce
resistance in undamaged receiver plants that is similar to that
caused by herbivory under field and artificial conditions. '*'**°
Aside from the clipping exposure, focal plants in the 2 treat-
ments were treated identically. There were 48 focal plants
included in this study, 24 matched pairs.

I measured growth in height and number of side branches for
each focal plant 14 d after treatments were applied. At this time,
plants were rapidly growing and had not exhausted the soil
resources in their pots. I calculated growth rate for each focal
plant as (height at day 14 post-treatment — height at day 0 post-
treatment) / (height at day 0). I compared the growth rate and
number of side branches of focal plants exposed to cues of dam-
age versus control plants using paired t-tests (JMP Pro 12.1).

Results

Young focal plants that were exposed to volatile cues emitted by
experimentally clipped neighbors grew less in height than con-
trols that had not been exposed to these cues. This effect was
revealed in 2 comparisons. The mean height increase of control
plants was 35% greater than matched plants that had been
exposed to damage-induced volatile cues (Fig. 2A; paired t-test,
t = 3.31, df = 23, P = 0.003). For 18 of 24 pairs of matched
plants, the control individual grew more than the individual
exposed to volatile cues from a clipped neighbor (Fig. 2B).

Young focal plants that were exposed to volatile cues emitted
by experimentally clipped neighbors did not produce significantly
more branches than controls that had not been exposed to these
cues (paired t-test, t = 0.98, df = 23, P = 0.34). For 9 of 24 pairs
controls produced more branches than matched plants exposed
to volatile cues of damage; for 10 of 24 pairs controls and exposed
plants produced the same number of branches; and for 5 of 24
pairs controls produced fewer branches (Fig. 3).

Discussion

Young sagebrush plants that have been shown to induce resis-
tance to herbivory when they are exposed to volatile cues from
neighboring sagebrush plants that have been chewed by insects
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Figure 2. (A) Mean vertical growth in cm (£ 1 se) of sagebrush plants that were
exposed to volatile cues from experimentally clipped neighbors or cues from
unclipped control neighbors. (B) The difference in vertical growth rate for matched
pairs of young plants that were exposed to volatile cues from experimentally
clipped neighbors vs. cues from unclipped control neighbors. Each horizontal bar
represents one pair of sagebrush plants. The value along the x-axis is growth rate
for each control plant minus growth rate for the plant exposed to cues of damage.
Values to the right of the vertical line indicate pairs for which the control plant
grew more than the exposed plant.

or, as an experimental proxy, clipped with scissors.'®'*** As

noted above, this experimental protocol caused plant responses
that we could not distinguish from actual herbivory. However,
responding to these volatile cues was costly, being associated
with a reduction in vertical growth (Fig. 2).
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Figure 3. The difference in the number of lateral branches produced for matched
pairs of young plants that were exposed to volatile cues from experimentally clipped
neighbors vs. cues from unclipped control neighbors. Each horizontal bar represents
one pair of sagebrush plants. The value along the x-axis is the number of lateral
branches for each control plant minus the number of lateral branches for the plant
exposed to cues of damage. Values to the right of the vertical line indicate pairs for
which the control plant added more lateral branches than the exposed plant.
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This cost of defense is consistent with current models of
tradeoffs involving defense and the many other roles that plants
must fulfill to survive, reproduce, and ultimately to be repre-
sented in subsequent generations.'””! The early zero-sum
model that posited a tradeoff between investments in defense
vs. growth and reproduction (Fig. 1A) was overly simplistic;
empiricists who expected that experimental treatments which
elevated some specific defensive trait would necessarily reduce
specific traits associated with growth or reproduction often got
negative results (reviewed by 16, 17). Once the models
acknowledge that plants must invest in many different func-
tions to be successful, then manipulating any single investment
is not expected to affect any other single investment (Fig. 1B).

This study examined the consequences for sagebrush plants
of responding to volatile cues that induced resistance. Previous
observations suggested that sagebrush may reduce growth after
receiving cues from damaged neighbors.'? Sagebrush has been
a model for the study of communication although many other
plant species, including several crops, have recently been found
to increase levels of resistance when exposed to volatile cues
associated with herbivore damage.” For example, volatile cues
increased resistance against aphids for some cultivars of bar-
ley.”” These induced responses were associated with morpho-
logical changes and a reallocation that favored roots at the
expense of leaves and stems.” In general, stem length is more
plastic than many other traits and morphological traits tend to
be more plastic that allocation patterns.*

Increased investment in defense against herbivores is not
necessarily associated with a reduction in traits of value in agri-
cultural crop systems. In most natural (non-agricultural) situa-
tions, plants prioritize vertical growth that allows them to
overtop their neighbors and compete successfully for light.*>*°
Overtopping growth is favored when light is a limiting resource
and taller individuals are able to capture more light while shad-
ing their neighbors. As a result many plants in nature invest
heavily in growing taller. Overtopping growth is of little value
in agriculture where humans plant monocultures with the goal
of maximizing yield of the entire crop field. Overtopping
growth maximizes individual plant fitness at the expense of
community-level characteristics such as yield; an individual
that grows taller than its neighbors will be more successful even
if investment in vertical growth reduces other traits that
humans view as desirable such as the collective yield of the
field.***® Wild relatives of current crops were often vigorous
growers and subsequent domestication has selected more even
more overtopping growth in some cases. ' Crop breeding
during the green revolution favored reduced overtopping
growth but agronomists estimate that there are still substantial
increases to be had by breeding for beneficial agronomic traits
at the expense of overtopping growth.>***

One such advantage may be greater investment in defense
if it comes at the expense of vertical growth, as was the case
for sagebrush seedlings. This observation is consistent with
recent physiologic findings as well. Many studies have found
that natural selection will favor plants that acquire resources
at the expense of defense (e.g., 33-36). However, when they
receive cues that initiate defensive responses involving the
jasmonic acid pathway, genes related to growth are actively
suppressed and the overall pattern of metabolism appears to
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be reprogrammed in some cases. >’ In other words, plants
are sufficiently plastic so that we can encourage them to
invest in traits that are desirable for agriculture instead of
traits that were favored in competitive environments but no
longer match our needs for crop species. This study suggests
that, for sagebrush at least, receiving cues that induce
defenses against herbivores restricts vertical growth, a result
that could be tested in agricultural species as well.

In summary, sagebrush plants that were exposed in pre-
vious studies to dishonest cues of damage to neighbors
increased their resistance to herbivory and had greater seed-
ling survival and production of new branches and inflores-
cences. This result was puzzling since it suggested no costs
of defense, which should create selection for greater levels
of defenses, expressed all the time. Instead, costs of defense
caused by these dishonest cues were expressed as reduced
overtopping vertical growth for young sagebrush plants.
Volatile communication has now been observed in many
plant species, including crops, where overtopping growth is
an undesirable trait. If this tradeoff is general, it may allow
development of crops that are both better defended and
have other desirable agronomic traits.
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