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Abstract. Cuttings from 20 Lotus corniculatus L. 
individuals were inoculated with Rhizobium and 
grown under one of three nitrogen regimes, 
including a treatment where plants relied solely 
on symbiotic N-fixation. Plants of a single geno- 
type were then grouped so that Spodoptera eri- 
dania Cramer larvae could chose to feed among 
plants from the different N-treatments for a 
31/2-week period. Shoot and root biomass, conden- 
sed tannin and cyanide concentration, 
astringency, flower, fruit and seed number and 
fruit biomass were measured in damaged and 
undamaged plants when flowering had ceased (3 
weeks after herbivory ceased). Larvae did not 
appear to exert a choice among the different 
nitrogen treatments. N-fertilized plants had larger 
shoots, larger roots and more seeds than N-fixing 
plants. Astringency and both protein and cyanide 
concentrations were not influenced by treatment. 
Damaged plants were lower in shoot biomass and 
seed production, but had larger root biomass and 
higher protein concentrations. Tannin concentra- 
tions appear to have been induced in damaged 
plants, while cyanide concentrations were not 
influenced by herbivory. 
Key-words: Condensed tannins, cyanogenic glycosides, 
herbivory, Lotus corniculatus, nutrient availability, 
plant reproduction, protein, Spodoptera eridania, 
tannin induction 

Introduction 

Herbivory is known to affect many plant physio- 
logical processes. For example, herbivory may 
increase the photosynthetic efficiency of the 
remaining leaf tissue (Gifford & Marshall, 1972; 
Hodgkinson, 1974; Detling, Dyer & Winn, 1979; 
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Wallace, McNaughton & Coughenour, 1985) and 
may even result in biomass overcompensation for 
lost tissue (McNaughton, Wallace & Coughenour, 
1983; Wallace et al., 1985). Although some studies 
have shown herbivory to be beneficial to the 
damaged plant (see Belsky, 1986), the majority of 
herbivory-related studies has shown that damage 
is deleterious (e.g. Harper, 1977; Rausher & Feeny, 
1980; Rhoades, 1985), and may depress reproduc- 
tive output (Rockwood, 1973; Bentley, Whittaker 
& Malloch, 1980; Stephenson, 1981, 1982). 

Herbivore feeding may be influenced by plant 
secondary chemicals (Rosenthal & Janzen, 1979). 
While some secondary chemicals may stimulate 
herbivore feeding, many compounds are thought 
to deter herbivores (Rosenthal & Janzen, 1979). 
Herbivory may also cause changes in secondary 
chemicals (Rhoades, 1979; Schultz & Baldwin, 
1982; McNaughton & Tarrants, 1983; Johnson, Liu 
& Bentley, 1987; Baldwin, 1988; Rossiter, Schultz 
& Baldwin, 1988; Schultz, 1988). 

To determine (1) if differing levels of secondary 
chemicals could influence herbivory, and (2) how 
herbivory alters allocation to plant biomass, repro- 
duction and secondary chemicals, Spodoptera 
eridania Cramer, (southern armyworm) larvae 
were given a choice of Lotus corniculatus L. 
(bird's-foot trefoil) plants whose chemical profiles 
were altered by nitrogen fertilizer (Briggs, 1990a). 
L. corniculatus is a perennial herbaceous legume 
which produces condensed tannins (Jones, Ander- 
son & Ross, 1973) and cyanogenic glycosides 
(Jones, 1962, 1966). -Both compounds can deter 
herbivores; cyanide can repel generalists (Jones, 
1962, 1966; Crawford-Sidebotham, 1972; Cooper- 
Driver & Swain, 1976), and tannins are known to 
affect adversely many herbivores, including S. 
eridania (Manuwoto et al.,1985). 

Materials and methods 

Plant treatments 

Experimental plants were obtained from a stock 
population of L. corniculatus (Viking var.) started 
from seed in 1985. All plants and experiments 
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781 were maintained within a fenced enclosure 
Effects of (chicken wire) located in an open field in State 
nutrient College, Pennsylvania, and watered daily. In April 
availability 1986, cuttings (replicates) were made from 20 
and herbivory randomly selected individuals (genotypes). 

Rooted cuttings were inoculated with Rhizobium 
and transplanted to 4-4-litre pots containing soil- 
less mixture lacking nitrogen (peat moss, perlite, 
vermiculite, triple phosphate, dolomite limestone 
and micronutrients). Pots were covered with peat 
moss in November, overwintered outdoors and 
uncovered in April. 

In May 1987, 12 13-15 cm shoot cuttings were 
made from the 20 genotypes (240 plants). Nine 
additional cuttings were taken from 14 of those 
genotypes to monitor plant chemistry and larval 
choice in a laboratory setting (Briggs, 199Ob). 
Cuttings were transplanted in early June td 44- 
litre pots containing soil-less mixture lacking 
nitrogen and allowed to grow for 3 weeks. 

On 23 June, four plants per genotype were 
placed in each of three N-treatments. One treat- 
ment (ZERO N) received no additional fertilizer. 
Each plant in the LOW N treatment received 
approximately 0 03g of ammonium nitrate ini-- 
solution 5 days a week for the duration of the 
experiment; plants in the HIGH N treatment 
received approximately 0-13g. Excess solution 
commonly drained from the pots. 

On 14 July, plants in the different N-treatments 
were distributed between two herbivory treat- 
ments. For each genotype, two replicates from 
each N-treatment were randomly chosen to be 
damaged (EATEN; 40 plants per N-treatment) 
while the two remaining replicates were used as 
controls (NOT EATEN). Herbivores were offered a 
choice among replicates of a single genotype 
grown under the three N-treatments. Two pots 
from each of the ZERO N, LOW N and HIGH N 
treatments were suspended from a table (0.6 x 
0.6m) in which six circular holes were cut (20 
tables, one per genotype). Table perimeters were 
liberally covered with TanglefootR (a mixture of 
oils, resins and waxes which deters/entraps 
crawling insects). 

All new flowers were counted twice a week. Any 
mature fruits were counted, harvested, dried at 
room temperature and weighed. Seeds were then 
removed and counted. When plants were harves- 
ted for chemical analyses, any immature fruits 
were removed, dried and weighed. 

Insects and plant damage 

Eggs of the generalist insect S. eridania began 

hatching on 13 July. Hatchlings not used immedi- 
ately for damaging L. corniculatus plants were 
placed on a wheat germ diet (120g wheat germ, 
33g sucrose, 25g casein, 8g salt mix, 2g sorbic 
acid, 1 g methyl paraben, 10g vitamin pre-mix, 15 g 
agar and 800 ml water). 

One hatchling was placed on every EATEN 
plant on 14 July. To ensure that plants would be 
damaged despite caterpillar death and heavy pre- 
dation, caterpillars were removed from diet and 
placed on plants periodically throughout the next 
3 weeks. Every EATEN plant received one larva on 
18 July, five larvae on 23 July and two larvae on 27 
July. One final instar larva was added to each table 
on 31 July. In order to assess caterpillar activity on 
the plants, caterpillar presence was monitored 
twice a week. 

Chemical analyses 

On 29 August, 3 weeks after the last larvae were 
found on EATEN plants, all plants were harvested. 
By this time, plants had ceased flowering, but still 
had immature fruits. Harvest prior to complete 
fruit maturation avoids changes in chemistry 
typical of late season/senescing L. corniculatus 
(Briggs, 1990a). Plants were clipped at the root- 
shoot junction, and shoots (leaves and stems) were 
flash frozen in liquid nitrogen, freeze dried and 
weighed. From a subsample of harvested shoots (n 
= 36; six genotypes, one individual per fertilizer/ 
herbivory treatment) several intact dried leaves 
were analysed for cyanide (Lambert, Ramasamy & 
Paukstelis, 1975; Goldstein & Spencer, 1985). 
Remaining shoot material was ground and 
subsamples were analysed for tannin (leucoantho- 
cyanidins and astringency; Schultz, Baldwin & 
Nothnagle, 1981; Schultz & Baldwin, 1982) and 
protein content (Compton & Jones, 1985). At 
harvest, the roots of three randomly selected 
genotypes (one replicate per fertilizer/herbivory 
treatment) were rinsed free of soil-less mixture, 
dried and weighed. 

Statistical analyses 

The General Linear Models (GLM; SAS, 1982) 
procedure was used to determine if N-treatments, 
herbivory treatments and plant genotypes differed 
in shoot biomass, chemistry or reproductive out- 
put. To further compare EATEN and NOT EATEN 
plants, the mean values for seed production and 
protein and tannin concentration were computed 
for each genotype in each fertilizer/herbivory 
treatment (two replicates). I obtained differences 
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Fig. 1. The influence of herbivory on shoot biomass (g per 
plant) of plants grown under three nutrient regimes. 
Mean + SE. 

between EATEN and NOT EATEN plants for these 
mean values. GLM was used to determine if 
relative differences in chemistry and reproduction 
between EATEN and NOT EATEN plants were 
associated with chemical profiles of NOT EATEN 
plants. 

Pearson product-moment correlation coeffi- 
cients (CORR, SAS) were obtained between'- 
measures of plant biomass, reproductive output 
(total flowers, fruits, fruit biomass and seed 
number per plant), protein and tannin concentra- 
tion for plants in the same fertilizer/herbivory 
treatments. 

Results 

The three-way interaction among plant genotype, 
N-treatment and herbivory treatment was not 
significant for any measure (P > 0.08). The two- 
way interaction between N-treatment and herbi- 
vory was not significant for any plant measure (P > 
0.07). A single genotype produced more flowers 
under the ZERO N than under the LOW N treat- 
ment, producing a significant genotype by N-treat- 
ment interaction for the total number of flowers 
produced by a plant (P < 0-001); this interaction 
was not significant for any other measure (P > 
010). A few genotypes also responded atypically 
when damaged by herbivores; the genotype by 
herbivory interaction was significant for conden- 
sed tannins and astringency, protein concentra- 
tion, total fruit number, fruit biomass and number 
of seeds per plant (P < 0.001), but not for shoot 
biomass or flower number (P > 0-15). These 
interactions were not included in further analyses. 

Genotype influenced plant cyanide, protein and 
condensed tannin concentrations, astringency, 

shoot and fruit biomass, flower, fruit and seed 
number per plant; genotypes did not differ in root 
biomass (Table 1). 

After 3 weeks of regrowth (from the date the last 
herbivore pupated or disappeared), EATEN 
shoots weighed less than NOT EATEN shoots 
within a N-treatment (Fig. 1). Within herbivory 
treatments, ZERO N shoots weighed less than 
LOW N shoots, and HIGH N shoots were larger 
than shoots in either of the other treatments. 
Similarly, ZERO N roots weighed less than roots 
from either of the fertilized treatments. However, 
roots of EATEN plants weighed more than roots of 
'NOT EATEN plants (Table 2). 

Because condensed tannins were significantly 
and positively correlated with astringency (P = 
0.001), only astringency will be discussed here. 
EATEN plants were more astringent than NOT 
EATEN plants, but N-treatments did not differ in 
astringency (Fig. 2). Like astringency, protein 
concentrations of EATEN plants were higher than 
those of NOT EATEN plants, while N-treatments 
did not differ in protein concentrations (Fig. 3). 
Neither herbivory nor N-treatments differed in 
cyanide concentration (Table 1, NOT EATEN: 
ZERO N 0 012 (0.004), LOWN 0*010 (0.003), HIGH 
N 0-011 (0 003); EATEN: ZERO N 0-014 (0.005), 
LOW N 0-014 (0.004), HIGH N 0-011 (0 003) pimol 
cyanide per mg dry tissue). 

Because all reproductive measures were posi- 
tively correlated within herbivory and N-treat- 
ments (P < 0*001), only seed number will be 
considered here. EATEN plants produced fewer 
seeds than NOT EATEN plants of the same N-treat- 
ment. Within herbivory treatments, HIGH N plants 
produced more seeds than either ZERO or LOW N 
plants (Fig. 4). 
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Fig. 2. The influence of herbivory on astringency, 
measured as % Tannic Acid Equivalents or %TAE, of 
plants growing under three nutrient regimes. Mean + SE. 
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783 Table 1. Analysis of variance results using type III sum of squares. Degrees of freedom (d.f.), F-values and P-values are 
Effects of shown for monitored plant variables. 
nutrient availabiinty Variable Source d.f. F P 
availability 
and herbivory Condensed tannins Genotype 19 11-34 0-0001 

N-treatment 2 2-98 0-0530 
Herbivory 1 59-03 0-0001 
Error 206 

Astringency Genotype 19 7-96 0-0001 
N-treatment 2 2-62 0-0749 
Herbivory 1 13-78 0-0003 
Error 206 

Protein Genotype 19 7-20 0-0001 
N-treatment 2 0-82 0-4433 
Herbivory 1 32-19 0-0001 
Error 202 

Cyanide Genotype 5 46-75 0-0001 
N-treatment 2 1-59 0-2216 
Herbivory 1 2-97 0-0965 
Error 27 

Shoot biomass Genotype 19 16 29 0*0001 
N-treatment 2 110-87 0-0001 
Herbivory 1 8-95 0-0031 
Error 206 

Root biomass Genotype 2 0 00 1-0000 
N-treatment 2 2874-00 0-0001 
Herbivory 1 540-00 0-0001 
Error 12 

Number of flowers Genotype 19 14-23 0-0001 
N-treatment 2 20-00 0-0001 
Herbivory 1 59-30 0-0001 
Error 206 

Fruit biomass Genotype 19 8-88 0-0001 
N-treatment 2 11-00 0-0001 
Herbivory 1 102-87 0-0001 
Error 206 

Fruit number Genotype 19 10-36 0-0001 
N-treatment 2 8-79 0-0002 
Herbivory 1 129-35 0-0001 
Error 206 

Seed number Genotype 19 7-60 0-0001 
N-treatment 2 9-15 0-0002 
Herbivory 1 106-24 0-0001 
Error 206 

To determine if the loss in reproductive output 
in EATEN plants could be related to any plant 
chemical measures in either undamaged or 
damaged plants, I examined changes in mean 
protein content, seed production and condensed 
tannin concentration in EATEN plants relative to 
NOT EATEN plants using genetic replicates 
within the same N-treatment (n = 16 genotypes; 
four genotypes were discarded when measures 
from both replicates/treatment were not available 
to form a mean value). It was expected that plants 
which produced high levels of tannins may have 
been eaten less, and thus produce more seeds, or, 
conversely, plants with high protein levels may 
have been eaten more and produce fewer seeds. 

However, the depression in reproductive output in 
the EATEN plants was not associated with tannin 
or protein content of the NOT EATEN plants (P > 
0.37). The relative depression of seed production 
in EATEN plants was, however, associated with 

Table 2. The influence of herbivory on root biomass (g 
per plant) of plants growing under three nutrient 
regimes. 

NOT EATEN EATEN 

ZERO N 2-85 (1-07) 3-02 (0-68) 
LOW N 4-38 (1-36) 6-97 (2-34) 
HIGH N 3-97 (t\77) 6-24 (2-33) 

Mean ? SD (n = 3 genotypes). 
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Fig. 3. The influence of herbivory on protein concentra- 
tion, measured as % Bovine Serum Albumin 
Equivalents, or %BSAE, of plants growing under three 
nutrient regimes. Mean + SE. 

differences in protein concentration between 
EATEN and NOT EATEN plants (P = 0.05); 
differences in mean protein concentration were 
related to concomitant changes in condensed 
tannin concentration between EATEN and NOT 
EATEN plants (P < 0.001). 

Discussion 

A concurrent experiment showed that, in a labora- 
tory setting, S. eridania larvae chose ZERO N 
plants, which contained higher protein concentra- 
tions, more often than plants in fertilized treat- 
ments (Briggs, 1990b). Therefore, it was expected 
the ZERO N plants would sustain the most damage 
in this experiment. Although the similar decrease 
in shoot biomass in all N-treatments suggests that 
damage was not influenced by N-treatments, it is 
possible that the HIGH N plants sustained more 
damage. This is suggested by the greatest relative 
decline in reproductive output in HIGH N EATEN 
plants as compared to NOT EATEN plants. What 
appears to be a similar depression of shoot biomass 
in all N-treatments may be masked by faster 
growth rate of HIGH N plants (Briggs, 1990a). 
Regardless, damage was not very different among 
treatments. 

Because all plants in the EATEN treatment were 
damaged, and larvae were observed eating plants 
throughout the experiment, it appears that because 
astringency did not differ between N treatments, 
there was no basis for herbivore choice. Differen- 
tial damage based on differences in protein con- 
centration was expected, but there is no evidence 
to support this. 

How did herbivory influence plant allocation? 

Because EATEN shoots weighed less than NOT 
EATEN shoots (Fig. 1), it appears that damaged 
plants were not able to replace all the photo- 
synthetic tissue lost to herbivores before the 
season's reproduction was finished. Although 
damaged plants may compensate for lost biomass 
(see Belsky, 1986), it is unlikely that the experi- 
mental plants would have compensated before the 
end of the season since L. corniculatus typically 
begin to senesce by mid/late September (Briggs, 
1990a). 

Unlike shoots, roots of EATEN plants were 
larger than NOT EATEN roots (Table 2). Damaged 
plants appear to apportion more resources to 
future regrowth by allocating more resources to 
root storage. This also suggests that damage rejuve- 
nates L. corniculatus, since relatively larger root 
systems are typical of juvenile plants (Sweet, 
1973). Rejuvenation of damaged plants is known 
for other species (Bryant et al., 1985). 

Although it was expected that removal of leaf 
tissue would decrease carbon availability and 
consequently. depress tannin concentrations 
(Briggs, 1990a), EATEN plants were more 
astringent than NOT EATEN plants in the same 
N-treatments (Fig. 2). It appears that herbivory 
induced tannin production in L. corniculatus. 
Also, it is important to note that because plants 
were allowed to recover from herbivory for 3 
weeks, damaged plants are likely to have a higher 
proportion of young leaves. Because tannin con- 
centrations increase during a season and with 
increasing plant size (Briggs & Schultz, 1990), 
plants with higher proportions of young leaves 
should have lower tannin concentrations. This 
clearly indicates induction of tannins. 

Because removal of leaf tissue is also known to 
decrease nitrogen availability in plants relying on 
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Fig. 4. The influence of herbivory on seed production per 
plant of plants growing under three nutrient regimes. 
Mean + SE. 
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785 symbiotic nitrogen fixation (Pate, 1977; Vance et 
Effects of al., 1979) due to the decrease in available photo- 
nutrient synthate necessary for symbiont support, it was- 
availability expected that concentrations of nitrogen-based 
and herbivory compounds would be lower in ZERO N plants. 

However, herbivory did not affect cyanide concen- 
tration in ZERO N or any other N-treatment. 
Further, damaged plants, regardless of N-treat- 
ment, had higher protein concentrations (Fig. 3). 
Because ribulose bisphosphate carboxylase- 
oxygenase is the most common protein in leaf 
tissue (Singer etaL., 1952; Akazawa, 1970; Jensen & 
Bahr, 1977), higher protein concentrations may 
reflect higher photosynthetic rates typical of 
damaged plants (Gifford & Marshall, 1972; Hodg- 
kinson, 1974; Detling et al., 1979; Wallace et al., 
1985). 

Seed production was approximately 50% lower 
in EATEN plants relative to NOT EATEN plants 
(Fig. 4). Lower seed production may have been due 
to a combination of a lower rate of flower initiation 
in damaged plants (Stephenson, 1984) and larvae 
removing- flower primordia and immature fruits. 
When the relative differences in seed production 
between EATEN and NOT EATEN plants were=; 
examined in relation to differences in plant 
chemistry between EATEN and NOT EATEN 
plants, the depression of seed production seen in 
EATEN plants was statistically related to the 
greater protein concentrations in EATEN plants. 
And while higher tannin concentrations in 
EATEN plants were not statistically associated 
with lower seed output of EATEN plants, higher 
tannins were associated with the higher protein 
concentrations in EATEN plants. Thus, induction 
of tannins in damaged L. corniculatus may be 
related to greater protein concentrations. It is 
possible that as damaged plants matured fewer 
seeds, less protein was shunted from leaves to 
developing seeds. The higher protein concentra- 
tions of EATEN plants may indicate higher photo- 
synthetic activity, and thus, greater carbon 
availability for increased tannin production; this 
stresses the interdependence of nutrient avail- 
ability and carbon gain. 

Although cyanide concentration was not influ- 
enced by herbivore damage, herbivory obviously 
had a major impact on many plant characteristics 
including differential allocation to root and shoot, 
depression of reproductive output, and changes in 
protein and tannin concentrations. Although 
secondary chemicals did not appear to influence 
herbivore choice in this experiment, changes in 
the chemical content of damaged plants may 
influence choice by other herbivores. 
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