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Summary. Ecological trade-offs between growth, repro- 
duction and both condensed tannins and cyanogenic gly- 
cosides were examined in Lotus  corniculatus by correlat- 
ing shoot (leaves and stem) size and reproductive output 
with chemical concentrations. We found that cyanide 
concentration was not related to shoot size, but that 
condensed tannin concentrations were positively corre- 
lated with shoot size; larger plants contained higher tan- 
nin concentrations. Both tannin and cyanide concentra- 
tions were depressed when plants produced fruits. De- 
fense costs change as plants mature and begin to repro- 
duce. These trade-offs indicate that cost of defense 
chemical production cannot be predicted merely on the 
basis of molecular size, composition or concentration. 
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defenses - Trade-offs - Growth 

Most plants possess physical and/or chemical traits 
which help protect them from herbivores and pathogens 
(Rosenthal and Janzen 1979). Putative defenses are 
thought to be costly for plants to produce due to compe- 
tition with primary metabolism for energy and substrates 
(Cates 1975; Chew and Rodman 1979; Mooney and 
Gulmon 1982). We hypothesize that if competition ex- 
ists, defense production costs should be reflected in 
trade-offs with other plant functions, such as growth 
and reproduction. We expect that trade-offs between 
chemical defenses and other plant functions may vary 
with the size of the defense compound, its concentration 
and turnover rate (Feeny 1976; Rhoades and Cates 
1976). For example, large molecular weight defense com- 
pounds which are found in high concentrations (e.g. tan- 
nins) are thought to be costly to produce and store 
(Swain 1979). If turnover rates are low, there should 
be little or no added cost due to degradation and refor- 
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mation of these compounds (Swain 1979). We expect 
that chemical concentration should be highly correlated 
with the cost of producing these compounds. 

Small defensive molecules produced in low concen- 
trations should be less costly to produce in terms of 
growth and reproduction than are large molecular 
weight defenses. However, if small molecules are turned 
over rapidly, this may render an otherwise cheap defense 
relatively costly to maintain over a plant's lifetime. We 
expect that concentration may underestimate the cost 
of compound turn-over. 

Lotus corniculatus L. (birdsfoot trefoil) produces two 
types of secondary compounds, cyanogenic glycosides 
(Jones 1968, 1970) and condensed tannins (Jones et al. 
1973). While these compounds may play roles in primary 
metabolism (Seigler and Price 1976), their value seems 
to be in ecological interactions. Both classes of com- 
pounds can deter herbivores. Cyanide can repel general- 
ists (Jones 1966; Crawford-Sidebothum 1972; Cooper- 
Driver and Swain 1976), and L. corniculatus's cyanide 
is well-known for its ability to repel slugs (Jones 1962). 
Although the effectiveness of tannins against herbivores 
is currently under debate (Bernays 1981 ; Hagerman and 
Butler 1981; Zucker 1983), tannins are known to repel 
vertebrate herbivores (Oates et al. 1977; Woodruff et al. 
1982) and inhibit enzyme activity (Hagerman and Butler 
1981). L. corniculatus's condensed tannins are known 
to inhibit ruminant digestion (Lyford et al. 1967; Jones 
et al. 1976; Waghorn et al. 1987) due to the prevention 
of bacterial activity in the foregut (Jones and Lyttleton 
1971 ; Jones et al. 1973). 

Cyanogenic glycosides are small molecules which are 
typically found in low concentrations. Theoretically, 
these traits should make cyanogenic glycosides relatively 
cheap in terms of resource allocation and impact on 
other fitness traits (Feeny 1976; Rhoades and Cares 
1976; Chew and Rodman 1979). Turnover of linamarin 
and lotaustralin, the same cyanogenic glycosides that 
are found in L. corniculatus, is known (Nartey 1969); 
the energetic demands of turnover may make these com- 
pounds more expensive. Condensed tannins are often 



considered an expensive defense because o f  their large 
molecular  size and typically high concentra t ions  (e.g. 
Feeny 1976; Rhoades  and  Cates 1976; Rhoades  1979; 
Swain 1979). It  is believed that  turnover  o f  condensed 
tannins is minimal  (Swain 1979). 

We expected tha t  al locat ion to condensed tannins 
would  be associated with a decrease in al location to 
plant  g rowth  and /o r  plant  reproduct ion.  We expected 
that  cyanogenic  glycosides would  no t  be associated with 
either plant  g rowth  or  reproduct ion.  To test these hy- 
potheses, concentra t ions  o f  condensed  tannins and cya- 
nide were correlated with shoot  biomass and reproduc-  
tive ou tpu t  in fertilized L. corniculatus plants over a 
growing season. 

Materials and methods 

Although L. corniculatus is well-known for its four cyanogenic/ 
acyanogenic phenotypes (Jones 1962, 1966) they were not used 
in this study for two reasons. First, we wanted to know how quanti- 
tative changes in defense affected growth and reproduction, not 
simply compound presence/absence. Second, the acyanogenic phe- 
notype differs dramatically in morphology and possibly physiology 
from the cyanogenic phenotypes. These differences suggest that 
allocation patterns in acyanogenic plants may be influenced strong- 
ly by other factors which would make it difficult to isolate trade- 
offs between fitness and chemical defenses. 

Stock plants, propagation methods, planting media, field site 
and chemical methods are detailed elsewhere (Briggs 1990). In 
April, 1986, two cuttings (replicates) were made from 158 individ- 
uals (genotypes); one cutting from each genotype was maintained 
to monitor season-long reproductive trends, while the other repli- 
cate was harvested. Fertilization began on 28 June, three weeks 
after transplanting. All plants were fertilized with 0.13 g ammoni- 
um nitrate (in solution) 5 days a week until harvested. Genotypes 
were assigned to one of five harvests which occurred at three week 
intervals (12 July to 4 October). Fifty-eight plants were collected 
at the first harvest to insure sufficient plant material for chemical 
analyses. Twenty-five plants were assigned to each of the other 
harvest dates. One week 9 plant was removed from the analyses 
because all replicates produced fifty times more flowers than any 
other plant in the experiment. 

The total number of new flowers on each plant was recorded 
twice a week. Mature fruits were collected prior to dehiscence, 
dried and weighed. All flowers and immature fruits were removed 
prior to harvest, dried and weighed. Because immature fruits varied 
greatly in mass, fruit biomass and not fruit number was judged 
to be the most appropriate measure of reproductive investment. 
To facilitate comparisons of reproductive output among the differ- 
ent harvest weeks, we were interested in the relative reproductive 
maturity of harvested plants. For instance, the ratio of fruit bJo- 
mass to fruit number (the total produced by harvested plants) indi- 
cates how large fruits were at harvest. Likewise, the ratio of flowers 
to fruit number indicates how many flowers were produced per 
fruit. 

At harvest, plants were clipped at the root-shoot junction; 
shoots (leaves and stems) were flash frozen in liquid nitrogen, 
freeze-dried and weighed. A subsample of dried leaves were re- 
moved for cyanide quantification (Lambert et al. 1975; Goldstein 
and Spencer 1985). The remaining shoot material was ground to 
a powder and subsamples were analyzed for protein content (Com- 
pton and Jones 1985), and tannin concentration (leucoanthocyani- 
dins, total phenols, astringency; Schultz et al. 1981; Schultz and 
Baldwin 1982, and references therein). Because all three tannin 
measures were positively correlated in all harvest weeks (r > + 0.72, 
P<  0.005), only the results from the leucoanthocyanidin (LA) assay 
will be reported. 
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Statistical analyses 

To obtain correlations between plant measures, plants in the differ- 
ent harvest weeks were analyzed separately because a General Lin- 
ear Models Analysis (GLM; SAS, 1982) determined that harvest 
weeks differed in plant weight, protein and LA concentration (P < 
0.05). 

Moreover, not all plants within our experimental population 
reproduced. When plants were divided into reproductive (R, plants 
which produced at least one flower) and non-reproductive (NR) 
classes, GLM determined that R and NR plants were different 
in size and chemical concentrations. Therefore, we obtained Pear- 
son product moment correlation coefficients (CORR, SAS) be- 
tween measures of shoot biomass, reproductive output (total flower 
number and fruit biomass plant- 1), protein, tannin (LA) and cya- 
nide concentrations separately for R and NR plants in each harvest 
week. 

Results 

Plant descriptions 

Typically, plants  harvested in week 3 p roduced  m a n y  
more  flowers than fruits and  the few fruits were very 
small (Fig. 1). Only  twelve o f  58 plants had  reproduced 
before the first harvest.  Reproduct ive  (R) plants had 
a greater biomass  than non-reproduct ive  (NR)  plants 
(Fig. 2, P < 0 . 0 0 1 ) ;  R and N R  plants did no t  differ in 
LA,  protein or  cyanide concentra t ions  (P > 0.06, Figs. 2 
and 3). 

While average fruit weight o f  plants harvested in 
week 6 increased slightly f rom the previous harvest,  
there was a large decrease in the flower to fruit number  
ratio (Fig. 1). This reflects the initiation o f  more  fruits, 
a long with slightly lower flower p roduc t ion  (Table 1). 
Eight ou t  o f  25 plants reproduced.  R plants  again 
weighed more  than N R  plants (Fig. 2, P =  0.04); R and  
N R  plants did no t  differ in LA,  protein or cyanide con-  
centrat ions (P  > 0.11, Figs. 2 and 3). 

Flowering peaked just  pr ior  to, and ceased a few 
days after the week 9 (August  23) harvest  (Fig. 4). Of  
the plants harvested in this week, eleven out  o f  24 repro-  
duced. The ratio o f  flowers to fruit again decreased, 
which reflects an increase in fruit number  (Fig. 1). The 
increase in average fruit weight  p robab ly  reflects seed 
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Fig. 1. The relative reproductive investment of L. corniculatus 
plants harvested after 3, 6, 9, 12 and 15 weeks of treatment. The 
flower to fruit ratio was obtained by comparing the total number 
of flowers produced (sum of all harvested plants) to the total 
number of fruits produced. Average fruit weight compares the total 
fruit biomass (sum of all harvested plants) to the total number 
of fruits produced 
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Fig. 2. Shoot dry weight (g plant- 1) and LA (leucoanthocyanidin, 
% wattle tannin equivalents) concentration of reproductive and 
non-reproductive L. corniculatus plants 

Table 1. Reproductive output (total number of flowers plant-t, 
total fruit biomass (rag plant-t), and total number of fruits 
plant-1) of reproductive plants in all five harvest weeks. Mean 
plus standard error 

Week Flower number Fruit biomass Fruit number 

3 10.33 (4.00) 0.98 (0.66) 0.25 (0.18) 
6 6.25 (1.83) 1.95 (1.28) 0.38 (0.26) 
9 17.00 (3.40) 17.40 (6.61) 2.55 (1.01) 

12 7.17 (2.52) 26.63 (18.14) 0.83 (0.40) 
15 16.31 (5.75) 67.69 (32.53) 4.85 (2.31) 

Table 2. Correlation coefficients (r) and P values (CORR, SAS) 
between plant shoot dry weight and both tannin and protein con- 
centration of non-reproductive plants for all 5 harvest weeks. '*' 
indicates a significant correlation (P < 0.05) 

Tannin Protein 

Week r P r P 

3 + 0.34 0.03 * + 0.28 0.07 
6 +0.59 0.01 * +0.55 0.03* 
9 +0.87 0.001 * +0.34 0.25 

12 +0.59 0.01 * -0.42 0.07 
15 + 0.34 0.30 - 0.28 0.41 

filling. R and N R  plants did not differ in shoot biomass, 
protein or cyanide (P>0.07 ,  Figs. 2 and 3). R plants 
contained higher LA concentrations than N R  plants 
( P =  0.03, Fig. 2). 

While the flower to fruit number ratio was relatively 
unchanged from the previous harvest, there was a large 
increase in average fruit weight of  week 12 plants 
(Fig. 1). Only six of the 25 harvested plants reproduced. 
R plants were again larger than N R plants (P<0.001,  
Fig. 2). And while R and N R  plants did not differ in 
cyanide or LA (P>0.08 ,  Figs. 2 and 3) concentrations, 
N R plants were higher in protein concentration than 
R plants (P=0.01 ,  Fig. 3). 

Plants harvested in week 15 had completed their re- 
produtive investments for the season; all fruits had ma- 
tured. Average fruit weight declined between the 12th 
and 15th weeks (Fig. 1). Thirteen of  25 harvested plants 
had reproduced. R and N R plants did not  differ in bio- 
mass, protein, cyanide or LA concentrations (P>0.12 ,  
Figs. 2 and 3). 
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Fig. 3. Protein concentration (% bovine serum albumin equiva- 
lents) and cyanide concentration (Ixmoles cyanide/mg dry leaf) of 
reproductive and non-reproductive L. eorniculatus plants 

Growth and chemistry correlations 

To keep reproductive investment separate from possible 
trade-offs between growth and defense, we first exam- 
ined correlations between secondary chemical concentra- 
tions and growth parameters in N R  plants. Cyanide con- 
centration was not  correlated with N R  shoot weight in 
any week (P>0.19) .  LA concentration was positively 
correlated with plant shoot dry weight in weeks 3, 6, 
9 and 12 (Table 2). Protein concentration was positively 
correlated with shoot biomass in week 6 (Table 2). 

Reproductive correlations 

When only R plants were examined for possible trade- 
offs between reproduction and secondary compound 
concentrations, we found that both shoot weight and 
cyanide concentration were negatively correlated with 
fruit biomass in week 12 (Table 3). LA concentration 
was positively correlated with shoot weight only in 
week 6 (Table 4), but was not correlated with flower 
number or fruit biomass ( P >  0.15, Table 4). Protein con- 
centration was not  correlated with shoot weight, total 
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Fig. 4. Schedule of flower production in non-harvested replicate 
genotypes of L. corniculatus 

Table 3. Correlation coefficients (r) and P values between shoot 
dry weight p lant-  t fruit biomass plant-  1 and cyanide concentra- 
tion for reproductive plants in all five harvest weeks. ' *'  indicates 
a significant correlation ( P <  0.05) 

Fruit weight Cyanide 

Week r P r P 

Shoot weight 

Fruit weight 

3 +0 . /6  0.23 - 0 . 2 /  0.51 
6 - 0.47 0.25 - 0.64 0.09 
9 +0.21 0.53 +0.05 0.88 

12 -0 .89  0.02* +0.84 0.04* 
15 +0.23 0.45 -0 .03  0.93 

3 - - +0.37 0.23 
6 - --0.30 0.46 
9 - +0.44 0.17 

12 - --0.89 0.02* 
]5 - --0.29 0.34 

Table 4. Correlation coefficients (r) and P values (CORR, SAS) 
between tannin concentration, total fruit biomass plant-1 and 
shoot biomass for reproductive plants in all harvest weeks. ' * '  
indicates a significant correlation (P < &05) 

Fruit biomass Shoot biomass 

Week r P r P 

3 - 0 . 2 6  0.42 +0.44 0.15 
6 -0 .68  0.07 +0.87 0.01 * 
9 -0 .45  0.17 +0.24 0.47 

12 --0.39 0.44 +0.49 0.32 
15 -0 .11 0.71 +0.21 0.49 

flower number or total fruit biomass in any week (P> 
O.O6). 

D i s c u s s i o n  

Growth and chemistry trade-offs 

Although shoot weight of NR plants increased through- 
out the season, R plants decreased in shoot weight be- 
tween the week 12 and week 15 harvests. This decrease 
was probably due to plant senescence, since many R 
plants had begun to yellow and abscise leaves by late 
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September. Even though week 15 NR plants appear to 
have increased in weight, it is possible that NR plants 
may have reached peak weight and begun to decline. 
While we expect that defense chemical production may 
have had an impact on growth (or vice versa), trade-offs 
that occur in week 15 should be viewed with caution. 

We expected that if cyanide were a cheap defense, 
there should be no competition for substrates between 
growth and cyanide production. As expected, we found 
no correlations between cyanide concentration and 
shoot dry weight in NR plants (P < 0.19), although con- 
centration may underestimate trade-offs due to probable 
cyanide turnover. 

Because tannins are relatively large molecules often 
found in high concentrations, we expected plants invest- 
ing in high tannin concentrations would exhibit lower 
growth. Contrary to expectations, larger NR plants had 
higher LA concentrations in weeks 3, 6, 9 and 12 (Ta- 
ble 2). This suggests that in terms of growth, condensed 
tannins are not only inexpensive, but appear to be a 
"luxury item" - the bigger the plant, the greater the 
tannin investment. 

Reproduction and growth trade-offs 

Reproductive trade-offs, unlike growth, were staggered 
throughout the season. Flower production necessarily 
preceded fruit production. And because mature flowers 
weigh much less than mature fruits (Hickman and Pitel- 
ka 1975; Abrahamson and Caswell 1982; Briggs, unpub- 
lished data), flower production should cost less than seed 
filling/fruit maturation. 

Flower production peaked just prior to the week 9 
harvest. Because fruits require three to four weeks to 
mature after flowers wilt (Morse 1958), the greatest fruit 
investment should occur between weeks 9 and 13. Al- 
though week 15 plants appear to have the greatest fruit 
biomass (Table 1), it must be remembered that these 
values represent the cumulative, preharvest investment; 
they do not account for either the time of fruit produc- 
tion or variations in the total number of fruits produced. 
When fruit biomass was examined in relation to the 
number of fruits produced, mean fruit weight reached 
a maximum in week 12. This result clearly indicates that 
plants in week 12 were at the peak in reproductive effort. 

Shoot size appears to be related to reproduction; 
R plants were larger than NR plants (Fig. 2). However, 
absolute size was not a good predictor of total reproduc- 
tive output. In week 12 shoot weight was negatively cor- 
related with fruit biomass. One possibility is that while 
larger plants may have had more resources to invest 
in reproduction, as fruits matured, seed filling competed 
with growth and probably diverted energy and sub- 
strates from growth. 

Reproduction and chemistry trade-offs 

The consistent lack of correlations between flower 
number and chemical measures (P>0.06) suggests that 
flower production in L. corniculatus, at least at the levels 
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seen in this experiment, is not a large enough sink to 
elicit trade-offs in the product ion of  protein, tannin or 
cyanide. 

Although protein was not correlated with either re- 
productive output  or shoot weight (P>0.06) ,  week 12 
R plants had significantly lower protein concentrations 
than N R  plants (Fig. 3). Since plants in week 12 were 
at  a peak in reproductive effort, the depression in protein 
concentrat ion may  have been a result of  fruit matura-  
tion, suggesting fruit product ion may occur at the cost 
of  leaf protein. 

Although LA concentrat ion was not directly corre- 
lated with reproductive measures in any week, a trend 
appeared which suggests that  the combinat ion of  growth 
and tannin product ion is costly to maintain when plants 
are investing in reproduction. This cost is indicated by 
the loss of  positive correlations between shoot weight 
and tannin concentrat ion in R plants; N R  shoot weight 
was positively correlated with L A  in weeks 3, 6, 9 and 
12 (Table 2), while in R plants LA and shoot weight 
were positively correlated only in week 6, well before 
major  reproductive investment (Table 4). This loss of  
correlation clearly indicates that  when L. corniculatus 
reproduced, simultaneous investment in growth and tan- 
nin product ion became more  costly. While tannin pro- 
duction does appear  costly in terms of reproduction, 
we had expected a more  direct interaction. 

While we expected no competition, and thus no cor- 
relations, between reproduct ion and cyanide production,  
plants supporting greater fruit biomass had lower cya- 
nide concentrations than plants harvested in week 12 
(Table 3), the week of  peak reproductive effort. Thus, 
cyanide appears  to be relatively costly to maintain under 
conditions of  high reproductive investment. Again, the 
extent of  this t rade-off  may  be underestimated by cya- 
nide turnover (Nartey 1969). 

Our  results suggest that in terms of  trade-offs with 
shoot growth and reproduction, the cost of  different 
types of  defense compounds  cannot  be separated solely 
on the basis o f  compound  size, composit ion or concen- 
tration (Feeny 1976; Rhoades  and Cares 1976). Rather,  
it appears  that  defense compound  costs may  vary with 
substrate demand of  various sinks (Lorio 1986). In L. 
corniculatus, growth appears  to be a weak sink, and rela- 
tively inexpensive with respect to defense compounds.  
Further,  the increase of  tannin concentration in larger 
plants suggests that  growth should be regarded as a rela- 
tively small investment of  carbon and nitrogen which 
reaps benefits many  times greater than the initial input. 
Unlike growth, investment in reproduction appears  to 
be very costly for L. corniculatus, but only at the time 
of  peak reproductive output.  Regardless of  compound  
size, chemical concentrat ion or molecular  components,  
chemical defenses were costly to maintain during seed 
filling. Our results suggest that  the relative strength of  
various sources and sinks within the plant, and how 
those sinks change over time are the best indicators of  
defense costs. 
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