Entomaol,, (Trends in Agril. Sci.) 1993, 1; 93 -100

Arthropod injury and plant gas exchange : Current understandings

and approaches for synthesis

Robert K.D. Peterson* and Leon G. Higley

Dupariment of Entomology, University of Nebraska-Lincoln, Lincoln, Nebraska, USA 68583-0816

ABSTRACT

Despite the importance of arthreped injury on plant
growth and yield, the mechanisms by which plants respond
to these stressors are poorly understood. We present here
current understandings of the impact of arthropod herbi-
vores on plant gas exchange processes and suggest ap-
proaches for synthesis in this area. We believe several
issues must be addressed before meaningful synthesis can
occur.  More specifically, we identify and discuss four key
areas: the level of plant organization, the role of extrinsic
factors, experimental limitations, and research objectives.

INTRODUCTION

The impact of insect-induced injury on plants bears
directly on questions concering the role of herbivory on
plant population dynamics, plant evolution, plant-insect
coevolution, life history strategies, cofimunity structure,
successional processes, and ecosystem nutrient cycling. In
agricultural systems, insect injury may reduce crop yields,
resulting in increased inputs into the agroecosystem, usual-
ly in the form of insecticide applications.

There is extensive evidence that insect herhivores
affect plant growth and yield in both agricultural and natu-
ral systems (Bardner and Fletcher 1974; Harper 1977;
Crawley 1989). However, the mechanisms by which plants
respond to these biotic stresses are poorly understood
(Higley et al. 1993), Research on biotic stress traditionally
has focused on the biological agents praducing the injury,
rather than on the physiological responses of plants to the
injury (Higley et al. 1993). The paucity of research on
physiological responses to biotic stress is especially appar-
ent in the area of arthropod-induced plant stress, even
though insect and mite injury represents one of the rost
important and apparent types of biotic stress.

In this paper, we examine current understandings
of the impact of insect herbivores on plant gas exchinge
processes. It is not our intention to review the studies con-
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ducted to date; Welter {1989} provides a tharough literature
review of the effect of arthropods on plant gas exchange.
Rather, we will demonstrate the need for integration in this
area and suggest approaches for synthesis.

Synthesis is critical because we must move beyond
merely surveying the responses of each plant species to
each insect species. Welter (1989) recognized this, stating,
"...if researchers are not going to be fettered forever to re-
peating experiments for each plant-arthroped combination,
then a more general understanding of plant responses is re-
quired." We believe sufficient research has been conducted
to begin developing general understandings in this area of
investigation. The lack of synthesis in this area is not
unique; indeed, most topics in plant-insect interactions
have yet to be integrated {e.g., the role of herbivory in plant
allelochemical production, plant genetics, and community
structure and the role of plants on herhivore feeding spe-
cialization and speciation). Although the influence of ar-
thropod herbivores on plant gas exchange may seem of
limited importance to population and community level pro-
cesses, the characterization of physiological responses of
plants to these stresses, and the variation within and
among species, may help refine research questions and
methodologies at these higher levels of biological
organization.

STRESSORS, STRESS, AND PHYSIOLOGICAL
RESPONSE

Arthropod feeding can directly or indirectly influ-
ence several plant gas exchange processes, including photo-
synthesis, water-vapor transfer, and respiration. These
processes are crucial determinants of plant growth, devel-
opment, and fitness; consequently, impacts of herbivory on
these processes may have repercussions throughout subse-
quent growth. Also, gas exchange processes, such as pho-
tosynthesis, rapidly respond to external factors, so
measuring how insect injury alters gas exchange provides
an immediate indication of plant stress. Characterizing
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these physiclogical responses can provide a common basis
for understanding how plants respond to insect-induced
stress (Welter 1989; Higley et al. 1993).

Insects injure plants in a variety of ways, Although
injury from injecting toxins and vectering pathogens is im-
portant, the most common and significant injuries are
caused by arthropods consuming host tissues or fluids
(Pedigo et al. 1986). Insects traditionally have been placed
in feeding guilds according to their taxonomic status.
However, more recently researchers recognized that injury
mechanisms are not unique for each insect species, There-
fore, arthropods that feed on plant tissues and fluids can be
grouped into injury guilds based on the general physical ap-
pearance of the injury (Metcalf et al. 1962; Bardner and
Fletcher 1974}, Examples include leal mining, leaf skeleto-
nizing, stem boring, fruit scarring, and seed feeding. Boote
{1981) refined the classification of injury guilds by placing
emphasis on the physiological responses of plants to differ-
ent injury types. He categorized insects as belonging to five
injury types: stand reducers, leaf-mass consumers, assimi-
late sappers, turgor reducers, and fruit feeders. An addi-
tional injury type, architectural modifier, has been proposed
by Pedigo et al. (1986). Higley et al. {1993) incorporate the
six injury types and several others into categories of physio-
logical impact. With this scheme, insects can be grouped
into categories that better describe their differential impact
on host physiology.

Welter's (1989) review considered current under-
standings by placing arthropods in injury guilds and evali-
ated the responses of plants to these guilds. The feeding
guilds, based on Rool’s {1973) classification, included defo-
ltators, mesophyli feeders, gall formers, epidermal feeders,
phloem feeders, stem borers, and root feeders.

Phloem Feeding

The effects of phloem feeding on plant gas ex-
change parameters primarily have been characterized for
aphids. Photosynthetic responses to aphid injury have been
highly variable, from increases, to no changes, to decreases
in rates per unit area (Welter 1989). The mechanisms to
explain the responses with no changes or increases in pho-
tosynthetic rates have not been elucidated. The mecha-
nism underlying reductions in rates has been determined
for only a few phlcem feeders: Schizaphis graminum on
sorghum, Melanocallis caryaefolize on pecan, and Macro-
siphum euphorbice on potato (Gibson et al. 1976; Veen
1985; Wood et al. 1985; Ryan et al. 1987). Aphid feeding
has been shown to inhibit normal phloem transport, which
then interrupts the delivery of nitrogen to cells and disrupts
the flow of photosynthates from leaves to stems, reproduc-
tive structures, and roots. Lack of nitrogen and suspected
alterations of source-sink feedback signals lead to reduced
ribulose bisphosphate regeneration.

Ancther mechanism for photosynthesis reduction
in aphids occurs when honeydew physically blocks stomatal

openings. This type of blockage prevented CO, uptake in
wheat, which lowered photosynthetic rates (Rabbinge et al.
1981). However, honeydew elfects on gas exchange were
not observed in sorghum (Ryan et al. 1987).
Gall Forming, Epidermal Feeding, Root Feeding, and
Stemn Boring

Gas exchange responses to gall formation, epider-
mal feeding, root feeding, and stem horing have not been
studied sufficiently to generalize about mechanistic re-
sponses. Galled areas might exhibit lower phatosynthetic
rates because of decreases in chlorophyll and increases in
non-photosynthesizing tissue (Veen 1985). Epidermat-
‘feeding by mites and thrips generally causes a decrease in .
photosynthesis and stomatal conductance (Castro et al
1972). However, it is not known whether uninjured tissue
is affected or why photosynthetic rates are reduced. The ef-
fects of root feeding on gas exchange parameters have only
been characterized in one study. Detling et al. (1980) ob-
served reductions in net phatosynthesis after simulated in-
sect injury on Beufeloua gracilis. The reductions occurred
most likely because of an inhibition of water transport.
Similarly, stem boring injury produced reductions in pho-
tosynthetic rates most likely because of vascular tissue im-
pairment (Heichel and Turner 1973; Madden 1977). Welter
{1989) cautions that many of these studies were unma-
nipulated and contained only one replication, so the in-
formation presented is only of limited interpretive value.
Mesophyll Feeding and Leaf Mining .

Most mite-induced injury can be classified as meso-
phyll feeding. Mesophyli tissue, such as chloroplasts, is se-
lectively consumed. Nearly all of the studies characterizing
gas exchange responses to mite injury indicate that photo-
synthesis is reduced because of decreases in leaf chlorophyll
content (Welter 1989). Similar responses and mechanisms
have been observed for scale, leathopper, and whitefly feed-
ing (Welter 1989; Buntin et al. 1993).

Of the relatively few studies on mining injury, most
have been conducted with dipteran species in the family
Apromyzidae (Fujiie 1982; Proctor et al. 1982; Johnson et
al. 1983; Parella et al. 1985; Trumble et al. 1985; Daley and
MciNeill 1987; Martens and Trumble 1987). Agromyzid lar-
vae produce "serpentine” mines, with feeding concentrated
in mesophyll tissue. On tomata, Johnson et al. {1983} ob-
served negative linear correlations between photosynthetic
rates and stomatal conductances of unmined areas and the
percentage of mined tissue produced by Liriomyza sativae.
However, mechanisms for these reductions have not been
identified. Similar results were observed on celery injured
by L. #rifolii (Trumble et al. 1985} and on chrysanthemum
injured by L. trifolii and L. huidobrensis {Parrella et al.
1985). Daley and McNeill (1987) observed no impact from
Agromyza frontella on the lotal canopy photosynthesis of
alfalfa. However, mined areas were not guantified, so re-
sults are only of limited interpretive value. Two studies
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have been conducted on lepidopteran leaf miners. Proctor
et al. (1982) observed reduced net photosynthetic rates on
apple after mining injury by the spotted tentiform leafmin-
er, Phyllonorycter blancardefla, which produces "blotch”
mines (Hill 1987). Photosynthetic rates for pear leaves in-
jured by the pear leal miner, Bucculairix pyrivorella, were
negatively correlated with larval densities per leal (Fujiie
1982). Most of the results from studies on leaf mining in-
jury and gas exchange responses are difficult to interpret
because of a lack of quantification of injury and because of
incomplete descriptions of photosynthesis measurement
protocols,

Leaf-Mass Consumption

Most studies on plant gas exchange and arthropod-
induced injury have focused on leaf-mass consumers
(defoliators). I previous studies, insect defoliation pro-
duced a continuum of responses, from decreases to in-
creases in photosynthetic vates of remaining leaf tissue
(Welter 1989). These responses have been observed for in-
dividual leaves, individual plants, and plant canopies.

Most .ﬁtudies indicate that removal of either partial
or entire leaves by insects results in an increase in photo-
synthetic rates of remaining leaf tissue. Mechanisms for
these increases have not been characterized in any detail,
although several extrinsic (environmental) and intrinsic
{physiological) causal factors have been proposed (Welter
1889). Intrinsic factors may include increased assimilate
demand after defoliation (Neales and Incoll 1968}, reduced
competition between leaves for mineral nutrients necessary
for eytokinin production {Wareing et al. 1968), and delayed
leaf senescence (Gifford and Marshall 1973; Caldwell et al.
1981; Nowak and Caldwell 1984). It should he noted that
some researchers who observed rejuvenated photosynthetic
rates in remaining leaves removed whole shoots or
branches, so the defoliation techniques may not have fidel-
ity to actual insect injury {Hodgkinson 1974; Satoh et al.
1977).

Several studies have observed no changes in photo-
synthetic rates per unit area of remaining leaves in re-
sponse to defoliation injury {Davidson and Milthorpe 1966;
Hall and Ferree 1976; Poston et al. 1976; Syvertsen and
McCoy 1985; Welter 1991; Higley 1992; Peterson et al.
1992). Decreases in photosynthetic rates per unit area also
have been observed, but the reductions were temporary
(Alderfer and Eagles 1976; Hall and Ferree 19765; Li and
Proctor 1984). Reductions in CO, exchange generally have
been dernonstrated at the canopy level {Detling et al. 1979;
Boote et al. 1980; Ingram et al. 1981). These reductions
were caused by decreased leaf area indices, smaller leaf size,
and decreased light interception.

The most thoroughly studied leve!l of response has
been the individual leaf. However, mechanisms responsi-
ble for changes in photosynthesis have not been character-

ized. For example, on apple, Hall and Ferree {1976)
observed reductions in photosynthetic rates of remaining
tissue after greater than 10% simulated insect defoliation.
Insect defoliation was simulated wusing different
circumference-sized cork borer punches. Differences in
rates were observed one day after treatments were imposed.
Moreaver, differences continued o be expressed 14 days af-
ter injury was imposed. Increased circumference of the
leaf area caused greater photosynthetic reductions. Also,
injury to major lateral leaf veins caused greater photosyn-
thetic réductions when compared to leaves with only inter-
veinal injury. This result implies that interruption of water
transport to leaves may play a significant role in reducing
rates. However, the authors did not determine franspira-
tion rates or stomatal conductances, so it is impossible to
determine the reason for the reductions in photosynthetic
rates that they observed.

Li and Proctor {1984) cut across midrib veins and
main lateral veins on apple leaves with a scalpel and ob-
served reductions in photosynthetic rates bolh two and ten
days after treatments were imposed. However, franspira-
tion rates were not alfected. The authors did not character-
ize stomatal conductances, so the results are difficult to
interpret. More intensive research is needed to determine if
gas exchange rate reductions occur in apple. Moreover, re-
search needs to be directed toward characterizing the
mechanisms which cause perturbation of rates.

Much research already has been conducted charac-
terizing the gas exchange responses of soybean to leaf-mass
consumption injury (e.g,. Poston et al. 1976; Hammoend
and Pedigo 1981; Ingram et al. 198%; Ostlie and Pedign
1984; Migley 1992). Indeed. the most comprehensive work
to date has been on soybean. Previous studies have dem-
onstrated that both simulaled and actual insect defoliation
does nct perturb photosynthetic rates of remaining tissue.
Water loss from the cut edges of injured leaves was signifi-
cant and was correlated with the perimeter length of cut
tissue. However, it was also {ransient, and did not seem to
affect photosynthesis (Ostlie and Pedigo 1684).

APPROACHES FOR SYNTHESIS

There currently is much confusion in the literature
concerning the physiological responses of plants to insect
injury. This is especially true for responses to defoliation
injury. Interpretations have varied with the diverse meth-
odologies used, the ability to quantify injury accurately, and
the central focus of the study (i.e., individual leaf versus
plant canopy). It is unclear whether responses are in-
herently variable among species and insect stressors or
whether external factors are affecting observed responses.

Characterizing how plants respond to stresses from
different injury guilds represents an important step toward
developing more complete understandings of how insect
injury affects plant gas exchange processes. Recent work
suggests that there may be similarities in plant physiolog-
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ical responses associated with each insect injury guild
{Welter 1989; Welter 1991; Higley 1992; Peterson et al.
1992; Higley et al, 1993). Welter and Steggall (1993) have
demonstrated that the response of wild and domesticated
tomato to defoliation is similar; differences were observed,
but they were quantitative, not qualitative, Research by L.
C. Higley and colleagues {unpubl. data) indicates that leaf-
mass consumption by green cloverworm, soybean looper,
grasshopper species, bean leaf beetle, and velvetbean cater-
pillar produce photosynthetic responses of soybean that are
not statistically different from each other or from undefo-
liated controls. Unfortunately, there have not been enough
experiments to determine if there are homogeneities of re-
sponse with other injury types.

A more complete picture of gas exchange responses
has begun to emerge in recent years. Instrumentation for
reliable gas exchange determinations in field environments
has only been available for the past 10 years. New instru-
mentation and plant gas exchange methodologies have
helped stimulate research efforts in this area. Also, research
has only recently been directed specifically toward charac-
terizing gas exchange processes. In many previous studies,
the focus was not limited to photosynthetic parameters; of-
ten, growth, developmental, yield, and fitness responses
were also determined. Consequently, gas exchange re-
sponses were reported, but not thoroughly interpreted.

The brief review presented above highlights four is-
sues that we believe must be addressed before meaningful
synthesis of the effects of arthropod injury on plant gas ex-
change can occur. These areas include: the level of plant
organization, the role of extrinsic factors, experimental lim-
itations, and research objectives.

Plant Organization

Characterizing the mechanisms by which insects
affect different plant organizational levels is critical to un-
derstanding how plants respond to herbivore stress. Insect
injury may stress plants at several levels of biological orga-
nization, from organelles to populations (Peterson et al
1992) (Fig. 1). Moreover, responses may be different at dif-
ferent organizational levels. For example, in alfalfa and soy-
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Figure 1. Arthropod-induced siress may impact plants at several levels
of organization. Gas exchange respuases 1o stressors can differ among
different levels,

bean, defoliation does not alter photosynthetic rates of
remaining tissue of individual leaflets {plant organs)
{Poston et al. 1976; Higley 1992; Peterson et al. 1992).
However, defoliation does alter the normal leaf senescence
pattern of plants (organisms) (Higley 1992: Peterson et al.
1692). Similarly, Detling et al. (1979) observed an increase
in photosynthetic rates of remaining Bouleloua gracilis
leaves, but canopy carbon assimilation decreased.

Because there are differences in response among
organization levels, it is critical that researchers identify
their research questions carefully and interpret their results
accurately. Welter (1989) stated, "...if the question is to ex-
amine the effects of herbivory on the productivity or “fit-
ness” of a plant, then total canopy measurements would
provide a better indicator. If the authors are interested in
specific plant buffering mechanisms, then use of individual
leaves should provide a more detailed understanding.”

Ultirnately, we are interested in understanding re-
sponses at all levels of plant organization. Evolutionary,
ecological, and agricultural understandings of the impact of
herbivory depend upon characterizing how plant popula-
tions and communities are affected by insect injury. De-
scribing mechanisms of plant response to different types of
injury and identifying injury guilds vequire a focus on phys-
iological, cellular, and molecular processes (Higley et al.
1993). However, most research has focused on responses
between these extremes. Describing how individual leaves
respond to injury is appropriate given that these are the or-
gans most immediately affected by herbivory. But re-
sponses of individual leaves have not been related to
responses at higher levels of organization. For example, in
the literature on plant gas exchange and herbivory, there
are scores of papers on individual leaf response to herbivory
(Welter 19809}, but we are aware of only three studies direct-
ly examining canopy responses to herbivory {Boote ef al.
1980, Ingram et al. 1981, Daley and McNeill 1987). Simi-
larly, docurnenting changes in leaf gas exchange associated
with injury does not provide information on how such
changes occur, Work on leaf responses is needed to guide
research on mechanisms of response, but describing those
mechanisms requires work at lower levels of organization.
Consequently, developing a more encompassing under-
standing of herbivory requires that greater attention be giv-
en to responses at arganizational levels above and below
that of individual leaves.

Intrinsic and Extrinsic Factors

As discussed previously, the literature reveals that
insect defoliation produces a continuum of responses, from
decreases to increases in photosynthetic rates of remaining
leaf tissue (Welter 1989), However, changes in photosyn-
thetic rates may cccur not because defoliation is perturbing
the remaining photosynthetic apparatus, but rather because
numerous extrinsic factors interact with the gas exchange
responses to injury {Welter 1989).
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By determining the direct responses of insect injury
on plant physiology, interactive effects can be assessed
more accurately (Fig. 2). This is especially pertinent in
natural systems because extrinsic factors constraining opti-
mal plant growth, both temporally and spatially, are com-
mon. Numerous extrinsic factors can interact with the
direct effects of injury. Extrinsic factors may include light
penetration, water availability, and nufrient availability
(Welter 1989; Peterson et al. 1992). The variable responses
‘reported in the literature may be attributable to the interac-
tion of these extrinsic factors with insect injury. Clearly,
the sensitivity of gas exchange processes to confounding
factors needs to be determined.

If physiological responses to injury among plant
species are similar, then general models can be constructed
and indirect factors that influence plant response can be
evaluated more effectively {Higley et al. 1993). For exam-
ple, in an optimal growing environment defoliation injury
to a leaf may not alter its photosynthetic rate per unit area
of remaining tissue. If water and nitrogen are limiting, de-
foliation injury may result in increases in photosynthetic
rates of remaining leaves because the remaining leaves
would no longer be water and nitrogen stressed. This
mechanism may have occurred in reported results from
grassland system studies by McNaughton (1983) and
Detling et al. (1979). Increases in gas exchange rates of in-
dividual leaves, then, would not be because of intrinsic fac-
tors, but rather because of the interaction of extrinsic
factors.

Experimental Limitations

Recognizing how injury affects” different levels of
plant organization and distinguishing between intrinsic and
extrinsic factors both relate to the experimental question of
how we characterize plant responses to injury. To an ex-
tent, we helieve our progress in understanding herbivory
and plant responses has been constrained by experimental
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Figure 2, Insect injury interacis with other biotic and abiotic stresses 10
produce plant responsés that may be attributable soiely to the insect
stressor {top). Substantial progress will be made by firsi characterizing
the direct responses of plants to insect injury, and then characterizing
how extrinsic factors interact with insect siress (bottom).

limitations. Broadly, these limitations involve experimental
objectives and experimental procedures.

Experimental objectives focus. research. onto specif-
ic questions; are we asking questions about herbivory and
plant response that lead to broad understandings or are we
posing narrow questions that preclude such understand-
ings? Much research on herbivory and plant gas exchange
has been observational, in the sense that we observe plant
responses to different types of insect injury. This work is
important in establishing the general nature of plant
respense to herbivory, but of itself it does not provide expla-
nations for the observed effects. Elsewhere (Higley et al.
1993) we have argued for an emphasis on mechanisms of
stress, specifically physiological responses to injury, as a ba-
sis for broader understandings of plant stress. We will re-
turn to experimental objectives in the next section, but the
key point to be made is that if we are to develop broad un-
derstandings of how insects affect plants, then our exper-
imental objectives must focus on mechanisms and not just
observations of responses.

The second experimental issue is that of exper-
imental procedures. We believe problems in conducting ex-
periments on plant responses to herbivory have
constrained, and continue to constrain, our understanding
of herbivory. Procedural issues can be separated into ques-
tions of quantification (or measurement) and of control
{maintaining treatment integrity).

For work on plant gas exchange, the ability to mea-
sure gas exchange easily and accurately had been an impor-
tant obstacle, but the development of portable infrared gas
analyzers for measuring carbon exchange rates solved this
problem, at least for single leaf measurements. Measure-
ments of canopy gas exchange parameters are not as
straightforward, and although canopy measurement’ sys-
tems can be constructed (Garcia et al. 1990}, their
complexity and experimental challenges in their use (such
as establishing plots or maintaining a uniform light envi-
ronment across treatments) have limited their use in stu-
dies on herbivory.

Ancther measurement issue involves quantifying
injury. It is well established that responses to herbivory are
a function of the amount of injury {Tammes 1962, Bardner
and Fletcher 1974, Pedigo et al. 1986, Higley et al. 1993),
but many studies on herbivory and plant response do not
provide adequate assessments of injury, This problem is
particularly relevant for some types of insect injury, such as
leaf mining or those producing chiorosis, which are very
difficult to quantify, However, recent advances in digital
imaging provide a means for discriminating between even
subtle differences between most injured and uninjured
tissues.

A final quantification question relates to biochemi-
cal measurements. For example, assessing differences in ri-
bulose bisphosphate carboxylase/oxygenase (rubisco) levels
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between injured and uninjured plants can be important in

determining direct effects of injury on the photosynthetic
apparatus. However, rubisco assays are expensive, time
consuming, and cannot be conducted for all plant species.
Similar arguments apply to other molecules of interest in
stress response, These limitations tend to restrict our work
to plant species whose biochemistry and physiology is rela-
tively well known. As an experimental approach, it may be
necessary to develop detailed understandings of physiolog-
ical response in only a few model systems rather than
across many plant species, because the physiological and
biochemical background needed for such work is unavail-
able in most species.

Many problems associated with quantification have
been eliminated or lessened through the development of
new instrumentation or procedures, and we anticipate this
trend will continue, In total, these limitations are by no
means barriers to work on plant stress and herbivory, but
they are constraints,

Experimental limitations associated with control
involve the recognition that characterizing plant gas ex-
change responses to insect injury requires controlling the
array of other factors that may influence and confound gas
exchange responses to injury. Plant gas exchange pro-
cesses, such as photosynthesis, vary across individual
plants, plant ages, and plant tissues, and are highly sensi-
tive to many factors including light, temperature, relative
humidity, and plant water status. Ideally, all of these fac-
tors should be uniform across treatments. At a minimum,
a failure to control for factors such as light or leaf age will
contribute to increased variation in measurements. More
importantly, lack of control can lead to systematic errors.
We are troubled that much of the literature on plant gas ex-
change and herbivory does not include explicit discussion
of potential confounding or of experimental procedures
used to maintain treatment uniformity, In the absence of
such discussion, we cannot help but wonder how much of
the variability in reported gas exchange responses may be
aftrihutable to confounding from external factors rather
than intrinsic differences in plant response to herbivory.

Another potential control problem arises through
how herbivory treatments are imposed. Technigues such
as caging or insecticides used to manipulate insect num-
bers (and thereby injury) have the potential to interact with
injury. For examnple, cages reduce the light environment of
the plant, and insecticides can alter plant physiology.
These concerns do not invalidate the techniques, but they
do indicate the need for special attention in experimental
design. For instance, caged and uncaged controls can be
used to help identify potential cage effects.

Maintaining uniform treatment conditions is not
the only way to address control problems. Measurements
by treatment of potential confounding factors, such as light
intensity, can be used to remove the effect of the factor in

v

analyses of the influence of herbivory {such as by analysis
of covariance). One caution in using this approach is that
it assumes there is no interaction between responses to the
factor in question {e.g., light) and responses to insect inju-
ry, which may not be true. Nevertheless, measuring poten-
tial confounding factors to account for their influence may
be the only method available for many studies. This is par-
ticularly true for work in natural systems, where positive
controls may be impractical or impossible.

Indeed, it is the problem of control that makes work
in most natural systems so difficult. The recent finding
that natural and cultivated species did not have qualitative
differences in response to insect injury (Welter and Steggall
1993), suggests it may be possible to develop models of
plant response in cultivated species (where external factors
are more easily controlled}. These models can then be used
as a basis for characterizing plant responses in more vari-
able systems.

Identifying and addressing potential sources of con-
founding is a key issue in plant gas exchange experiments,
In our opinion, failing to distinguish between intrinsic and
extrinsic factors influencing responses to herbivory has
been responsible for much of the experimental difficulties
we see in the literature. Fundamentally, the issue is not
one of having every experiment control all factors; different
objectives call for different experimental procedures. How-
ever, discussions of experimental procedures should be
explicit in the precise rationale behind a given approach
and should recognize potential confounding factors and
distinguish the type of response (intrinsic, extrinsic, or
both) being evaluated.

Research Objectives

We have argued that a focus on plant physiology
provides a common language for characterizing piant stress
and is essential for integrating understanding of stress
(Higley et al. 1993). Physiology may include measure-
ments from plant populations, plants, and plant parts, as
well as biochemical and molecular rmeasurements more
typically associated with the notion of plant physiology.
Consequently, most of the literature on plant gas exchange
and herbivory already addresses questions of physiological
response. Therefore, the key issue, in our view, is not so
much changing the nature of our experiments as it is
changing their direction.

As we have argued in the preceding section, most
of our research to date describes responses rather than
mechanisms. This is appropriate given our current under-
standings, and considerable descriptive work remains.
However, sufficient descriptive work is available to allow for
a transition to explanatory research. We mean by this, stu-
dies that focus on the underlying mechanisms associated
with observed plant responses. Why, for example, do pho-
tosynthetic rate reductions occur in response to injury?
Does injury alter mesophyll or stomatal limits to photosyn-
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thesis? We have data in some systems on these questions,
but we do not have general models or hypotheses that
might direct research.

We believe the construction of models and hypoth-
eses regarding plant responses to herbivory is a crucial ac-
tivity for advancing our understanding. At this peint, it
matters less that a given model or hypothesis is correct
than that such models and hypotheses lead to research pro-
viding broader insights into plant stress. Obviously, inany
problems exist in striving far broad interpretations. Many
different types of insect injury occur, plant responses may
differ between C, and C, species or between annuals and
perennials, and responses may vary under different envi-
ronmental regimes. However, these potential differences
provide a starting place for identifying commonalities. For
example, we might ask how gas exchange responses to all
types of insect injury compare within a single plant system,
Do different plant species demonstrate the same type of re-
sponse to a given injury? How does water stress influence
responses to injury? Examining such questions can pro-
vide a foundation for more comprehensive interpretations.

CONCLUSIONS

Determining the conditions under which gas ex-
change rates increase, decrease, or do not change after
insect-induced injury will add to our knowledge of how
plants respond to these stressors. But learning how and
why changes in gas exchange rates occur will do more to
advance our understanding of plant stress from herbivory.
With such a focus, we believe herbivore stress and other
factors, such as plant competitive interactions, diseases,
and mineral stress, can be integrated into a more encom-
passing view of plant stress at the individual plant and plant
population levels {Louda et al. 1990; Tilman 1950; Louda
and Collinge 1992; Higley et al. 1993}.  Just as Chapin
(1991) has suggested a conceptual integration for abiotc
stress, we believe research can lead to a conceptual integra-
tion of biotic stress. Hopefully, these integrated views of
abiotic and bictic stress will themselves lead to a synthesis
in understanding alt types of plant stress,
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