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Abstract - A factorial greenhouse experiment was conducted to examine the overall impact of slug herbivory, plant density and neighbour iden- 
tity on the yield and allocation pattern of the short-lived grass Pea cmnua. The effects of slug herbivory were compared in experimental plants at 
two densities in two types of culture: pure and mixed with Arabidopsi.~ thalianu. All the plant parts of P annua showed significantly greater bio- 
mass in mixed than in pure stands, and in low compared to high density stands. Slug herbivory consistently reduced the biomass of reproductive 
organs and the percentage of total biomass allocated to reproduction, whereas density had no effect on allocation. In mixed stands, the proportion 
of biomass allocated to reproductive organs and leaves was greater and lesser, respectively, than in pure stands. There were significant interactions 
between herbivory and culture for root biomass and for the percentage of biomass allocated to root and shoots, and between herbivory, culture and 
density for shoot, stem, leaf and total biomass. Slug herbivory reduced root biomass in pure stands, whereas it did the opposite in mixed stands. 
The root:shoot ratio did not vary between mixed and pure stands in the absence of slugs, while when slugs were present pure stands had lower 
root/shoot ratio than mixed stands. Except for reproductive structures, all the plant parts showed greater biomass in grazed than in ungrazed low 
density mixed stands, whereas the general trend in high and low density pure stands, and in high density mixed stands was that herbivory 
decreased biomass. The study indicates that the competitive ability of plants is conditioned by a variety of factors. Plant density, the identity of 
competitors, and occurrence of herbivory are all relevant factors, the particular combination of which will alter competitive interactions. 
0 Elsevier, Paris 

Plant-animal interactions I plant-plant interactions / invertebrate herbivory / life-history / density-dependent regulation 

1. INTRODUCTION tage to the least damaged plants (e.g. [6, 17, 291). 

The present investigation was designed to reveal the 
Similarly, studies of the effects of vertebrate herbivory 

interactive effects of a common British invertebrate 
and artificial defoliation on the occurrence and nature 

herbivore, the slug Deroceras reticulaturn (Muller), 
of plants have shown that regrowth of defoliated plants 

plant density and neighbour identity on the yield and 
may be different depending on competition from 

biomass allocation pattern of Poa annua L. (Gra- neighbouring plants (e.g. [I, 2, 441). Recently, predic- 

mineae). Specifically, we asked: Do slug herbivory, tions on the outcome of interactions between (verte- 

neighbour identity and plant density interact in their brate and invertebrate) herbivory and plant 
effects on either reproductive and vegetative biomass competition for plant fitness have been put together 
of E annua? If so, what is the nature of this interac- under the frame of the compensatory continuum 
tion? The effects of invertebrate herbivory and com- hypothesis [40]. Briefly, this predicts that, in favour- 
petition on the dynamics of plant assemblages have able environmental conditions (i.e. with abundance of 
been widely studied over the past two decades, yet sur- resources, low competition), the effects of herbivory 
prisingly, the interaction between these processes has on plant fitness are expected to be less detrimental 
been comparatively scarcely considered in experi- than in more stressed situations (i.e. with resources in 
mental studies (e.g. [14, 17,29, 30,49,55]). Whittaker limited supply, intense competition). Results from the 
[57] suggested that invertebrate herbivory effects are present research are interpreted in light of these 
likely to be most conspicuous when grazed plants are hypotheses, as well as taking into account predictions 
competing with other plants for resources, since dif- derived from the r- and K-selection concept [39, 481, 
ferential herbivory can provide a competitive advan- which provides a theoretical linkage between popula- 
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tion density and allocation pattern. The r/K concept 
predicts that populations having density-independent 
control are under positive selection to allocate more 
resources to reproduction (v strategy) than populations 
experiencing high density-dependent regulation 
(K strategy).This is based upon the notions that repro- 
duction and growth are competing activities in a plant 
([50] and references therein), and that growth tends to 
concentrate in plant parts whose function is most lim- 
ited by the environment [ 11, 181. 

R an~lua is an iteroparous short-lived, tiller-forming 
grass that flowers when small and continues to 
grow, flower and set seed until killed by extrinsic 
causes, such as frost, drought, or herbivory [4, 381. 
19 arz1~z.4~ grown on putting greens can be kept alive 
indefinitely by weekly mowings, whereas in natural 
habitats, where it is allowed to flower, it is most com- 
monly an annual [38]. According to Ellis et al. [22], 
this is a colonizing species which grows mainly in dis- 
turbed areas, such as cultivated gardens, roadsides and 
pastures, and has spread from its centre of origin in 
Europe throughout temperate regions of the world. A 
lot of research has been devoted to design strategies to 
control P. annua infestation in pastures (e.g. [33]), as 
well as to improve its quality in putting greens (e.g. 
[ 10, 161). In addition, t? ulznuu has also been consid- 
ered in some studies on plant-slug interactions [8, 19, 
201, and in a number of studies of life histories, since it 
possesses a wide range of life-history variation ]21, 
22, 36, 37, 38. 541. 

Slugs are a serious pest for many crops and pastures, 
for which extensive research has been devoted to 
quantify their damages [3, 291, as well as to esta- 
blish ways of minimising them. The latter include both 
evaluations of the molluscicidal properties of different 
chemicals [23, 341, and analyses of the potential for 
alternative food resources (particularly, weed species 
invading the crops) to reduce slug damage [ 151. Com- 
pared with what happens with insects and mammals, 
the interaction of terrestrial molluscs with their food 
plants has been scarcely considered in basic ecological 
studies [8, 17, 19, 20, 29, 30, 3 1, 47, 491. Slugs have 
been used as examples of generalist feeders to test pre- 
dictions based on theoretical models of plant-herbi- 
vore coevolution [ 131. Yet, it is clear that slugs are not 
indiscriminate feeders, but actively select certain foods 
in preference to others [13, 15, 19, 30, 47, 531. Dirzo 
[ 191 defined slugs as being acceptability-moderated 
generalists; that is, species capable of taking a wide 
variety of food but showing a distinct order of prefer- 
ence. In our view, the characteristic of slugs of being 
selective in their diet, but not so specialized as to com- 
plete reliance on single food plants, makes them par- 
ticularly appropriate for studying plant-animal 
interactions. 

2. MATERIALS AND METHODS 

The study, undertaken in a greenhouse, employs two 
species commonly ocurring in early successional habi- 
tats at Silwood Park, England. It focuses on P. unnuu, 
but employs Arubidopsis thuliana (Cruciferae) as a 
weaker interspecific competitor, known to be highly 
palatable to slugs ([ 131; pers. obs.). Seeds of the two 
species were obtained from commercial suppliers and 
were germinated in separate plastic trays filled with 
compost. After 5 days, they were transplanted to 42 x 
24 x 8 cm plastic trays filled to within 1 cm of the top 
with compost. Trays were watered as necessary. Slugs 
(D. reticulaturn) were collected in the field at Silwood 
Park, and slugs of comparable size (c. 1 cm long) were 
used [ 171. Slugs of the same size were selected to give 
consistent potential herbivory. 

The experimental design was a full factorial having 
the culture (pure or mixed culture with A. thaliunu), 
density (24 or 40 plants per tray, equalling 238 and 
397 plants . m-‘), and herbivory (presence or absence 
of slugs) as factors. There were 40 trays arranged in 
five blocks, each containing a replicate of each 
possible treatment combination. In the mixed stands, 
the seedlings of the two species were arranged alter- 
nately so that the closest neighbours to each I? aiznua 
plant were always four A. thuliunu plants. Micro- 
climate variation is known to affect slug activity [25, 
591. Light intensity slightly varied across the green- 
house, for which the blocks were arranged so that 
potential light differences occurred between but not 
within blocks. Infestation levels in other lab expe- 
riments involving the same slug species go up to 
155 slugs . mm2 [ 171. We aimed to achieve a constant, 
more moderate density of four slugs per grazed tray 
(40 slugs . me2), which can be considered a common 
infestation in field conditions [26]. For this, slugs were 
retained in the trays by plastic propagators hoods, 
which were applied to all treatments regardless of slug 
content. In addition, the grazed trays were inspected 
daily, and any dead slugs were replaced. Harvesting 
took place after 15 weeks, and involved plants not at 
the edge of the trays. Ten and eight plants were col- 
lected from high and low density pure stands, respec- 
tively, and 5 and 4 plants were collected from the high 
and low density mixed stands, respectively. The total 
number of R un~luu plants collected was 270. Unfor- 
tunately, the effects of slug grazing on A. thulianu 
were so extensive by the end of the experiment that 
foliar biomass meassurements, although planned, were 
not possible. In addition, the delicate nature of its 
fibrous root system made an assessment of below- 
ground biomass impractical. P. U~E~UU plants were 
washed, divided into stem, leaf, inflorescence and root 
portions, dried in an oven at 60 “C for 48 h and 
weighed. 
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Data analyses were undertaken using the average 
value per tray corresponding to each plant part. Model 
III four-factor analyses of variance were performed on 
log-transformed biomass parameters and on untrans- 
formed proportional parameters (angularly trans- 
formed proportional data rendered similar results), 
with the treatments being considered as fixed factors 
and block as a random factor [60]. 

3. RJBULTS 

3.1. Treatment effects on Poa annua biomass 

Mean biomass values for each plant part are shown in 
table I. Biomass production by R annua was 
significantly affected by culture and density for all the 
plant parts considered, whereas slug herbivory had only 
marginally significant main effects on the biomass of 
reproductive structures (table IO. Biomass was greater 
in mixed compared to pure stands and in low compared 
to high densities (tables 3 a and b). Pure stands showed 
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reduced total biomass, 53.3 % compared with mixed 
stands, with the smallest reduction being in leaf biomass 
(34.5 %), and the highest in reproductive biomass (64.6 
%; table III a). Slug herbivory caused a reduction in 
reproductive biomass of 12.8 % (table ZZZ c). When 
grown in high density, P annua reduced total biomass 
by 39.3 % compared with low density (table Ill b). In 
contrast with culture and herbivory treatments, density 
had its lowest effect on reproductive biomass, which 
under high plant density was reduced by 29.1 % com- 
pared with low density stands (table III b). 

There were significant interactions between culture 
and slug herbivoty for root biomass and in culture, 
density and herbivory for shoot, stem, leaf and total 
biomass (table ZZ). In pure stands, plants grown with 
slugs had lower root biomass than those without slugs, 
while in mixed stands the opposite occurred 
@gure I a). In general, in pure culture and in high 
density in mixed culture, plants affected by slugs had 
lower biomass for all plant parts than those without 
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Figure 1. Interactions between culture and slug treatments (see table II) for foa annuu (a) root biomass, percentage of(b) shoot and (c) root biomass, 
and (d) root/shoot ratio. Narrow vertical bars show f 1 S.E. 
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Table 1. Mean values of Pea clnnrra biomass (mg plant- ‘) at harvest (see text), when grown in pure or mixed cultures with Arubidopsis thdicmu, at 
two densities and either the presence or absence of slug herbivory. Standard errors are in parentheses. 

Culture 

Pure 

Pure 

Pure 

Pure 

Mixed 

Mixed 

Mixed 

Mixed 

Density 

LOW 

LOW 

High 

High 

Low 

Low 

High 

High 

Slug total ’ shoot ’ stem leaf repr. ’ root 

5X6(71) 512 (5X) 251 (28) 208 (12) 53 (16) 74(14) 

+ S4Y (60) 490 (56) 245 (33) lYO(l2) 55 (IS) 59 (9) 

- 342 (18) 297 (IX) 137 (131 I 30 ( I I ) 30 (5) 4s (6) 

+ 293 (23) 263(lY) 127 (IS) I lO(l3) 26 (6) 30 (4) 

1091 (Xl) Y.16 (84) so4 (54 I 277 (IS) 15s (17) IS5 (7) 

+ I 238 (67) I 073 (62) 5x2 (31, 344 (3 I ) 147 (13) lhS(lS) 

- 7x1 (35) 600 (34) 35s (22) 210 (6) 12s (IS) 91 (6) 

+ 686 (47) 59 I (40) 3 IY (24) 177 (16) 9s (IO) YS(l2) 

’ repr. = biomass of reproductive organs: ’ total biomass = shoot + root: ’ shoot biomass = stem + leaf + repr. 

Table II. ANOVA results showing significant and non significant variance in (a) biomass production per plant, (b) percentage of biomass allocated to 
different plant parts, and (c) various biomass ratios. Numbers in cells are F values with d.,j = I ,4 in all cases. “I P 5 0.07; :” P 5 0.05: q::i: P IO.01: 
‘cj’* P 5 0.001. Conventions as in f&/e 1. 

(a) Biomass 

Treatment total shoot stem leaf repr. root 

Culture 

Density 

Slug 

Culture Density 

Culture ‘Slug 

Density Slug 

Culture Density Slug 

x4.3:“.‘::< 6(),7:::! 57 ?:k:: _ _.L 
14(),.J:::‘:: l*().d:” ‘: 4. 27(),5X::‘ 

0.3 0.2 < 0.1 

0.x 0.7 2.7 

I.1 0.5 I.1 

I .3 I .7 0.x 

7.3’ ’ 14.1 ti X.2’, 

(b) Biomass (?I) 

20.7”’ 6S,()““‘. 1 y5,+: :k ‘1: 

3y?,s’::;!::” l3.5’,: 2S.6’5.’ 

0.3 6.0’ ’ 0.Y 

4.0 0.5 2.X 

2.X I .7 I3.W 

S.6 0. I 0. I 
17.x::: 0.5 0. I 

Treatment shoot stem leaf r-cpr. root 

Culture 

Density 

Slug 

Culture Density 

Culture Slug 

Density Slug 

Culture Density Slug 

I .x 2.0 

0.4 0. I 

I .x 1.X 

0.3 < 0.1 

I I .2” < 0. I 

0.2 0.4 

3.0 3.S 

(c) Biomass ratios 

17.F 17.4x: I .x 

I .o I .Y 0.4 

0.3 I I .4:1 1.8 

0.9 <O.l 0.3 

I .o 0.8 I 1.22’ 

i 0. I < 0. I 0.2 

2.0 <().I 3.9 

Treatment 

Culture 

Density 

Slug 

Culture Density 

Culture Slug 

Density Slug 

Culture Density Slug 

root/shoot 

I .6 

0.4 

I .7 

0.3 
y,y:,: 

0.2 

4.2 

repr./stem repr./leaf repr./(stem + leaf) repr./(stem + leaf + root) 

13.19 2p3”” 19.4” 17.8 

I .Y 0,s I .3 I .6 

7.1’ l 7.3’ 1 7.3’ ’ y.4::’ 

<O.l 0.5 0.2 0.2 

0.S I.7 0.‘) I.1 

< 0.1 0. I < 0.1 < 0. I 

0. I 0. I 0.1 < 0.1 
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Table III. Mean values for Pea annua biomass (mg . plant-‘) that were 
significantly affected by treatment (see table II). (a) Culture main 
effects; (b) density main effects; (c)slug herbivory main effect. 
Standard errors are in parentheses. Conventions as in table I. 

total shoot stem leaf E!pr. root 

(a) Culture 

Pure 443 (36) 391 (31) 195 (16) 165 (IO) 46 (6) 52 (611 

Mixed 949(57) 823(50)440(29) 252(17) 130(8) 127(1(l) 

(b) Density 

Low X66(75)753(64)397(37)256(16) 103(13) 114(12) 

High 526 (50) 461 (43) 239 (24) 161 (10) 73 (10) 65 (7) 

(c) Slug 

94 (12) 

+ 82(11) 

herbivores (see table r). However, when P annua was 
grown in low density with A. thaliana (i.e. in mixed 
culture), all the plant parts except the reproductive 
structures had greater biomass when slugs were 
present (table I>. This exception accounts for the scar- 
city of main effects of slug herbivory, as well as for the 
interactions between herbivory and culture and density 
(see figure 2 for an example). 

1300 ,- 
( 1 Slugs - 

100 1--  .~~ - -L--  I.-. 

Low dens. High dens. Low dens. High dens. 

Pure culture Mixed culture 

Figure 2. Interactions between culture, density and slug treatments for 
Pna annua shoot biomass (see table [la). Qualitatively similar 
representations can be obtained for total, stem, and leaf biomass (see 
ruble fl. These have not been included for brevity. Narrow vertical bars 
show + 1 S.E. 

3.2. Biomass allocation 
On average, Z? annua allocated 12.5 % (k 0.48 S. E.) 

of the biomass to roots and 87.5 % (k 0.48 S. E.) to 
shoots. The average percentages of biomass corre- 
sponding to stem and leaf were 44 % (k 0.62 S. E.) 

and 31.5 % (? 1.26 S. E.), respectively, while only 
12 % (+ 0.59 S. E.) was allocated to reproductive 
structures (see figure 3). The biomass allocation pat- 
tern of fl annua was affected by the main effects of 
culture and slug herbivory, but not by density 
(table ZZ). Plants grown in pure stands increased allo- 
cation to leaves by 45.7 %, and decreased allocation 
to reproductive structures by 28.1 %, compared with 
the plants grown in mixed stands (see table IV a, 
figure 3). Biomass allocation to reproductive struc- 
tures decreased by 8.8 % in plants affected by slug 
herbivory compared with those with no herbivory 
(tables II b and IV a). Allocation to other plant parts 
was not significantly affected by the main effects of 
herbivory, although herbivory significantly interacted 
with culture for the percentage of biomass allocated to 
shoot and to root (table ZZ b), and for the root/shoot 
ratio (table ZZ c). These interactions mean that when 
plants were not subjected to slug herbivory, pure and 
mixed stands showed similar allocation to shoots and 
roots, while, when slugs were present, the proportion 
of biomass corresponding to shoots and roots was dif- 
ferent, decreasing by 3.5 % @gure 1 b) and increasing 
by 29.8 % @gure 1 c), respectively, in mixed com- 
pared with pure stands. Therefore, the pure stands 
showed a lower root/shoot ratio when slugs were 
present (figure I d). There were no statistically signi- 
ficant interaction effects of density with the other two 
factors (table ZZ), suggesting that plants responded 
similarly to herbivory as well as to neighbour identity 
irrespective of the density (cf. [45]). 

4. DISCUSSION 

4.1. Culture 

The yield of P annua was strongly affected by the 
culture treatment, since all the plant parts considered 

-Slug +Slug -Slug +Slug -Slug +shlg -Slug +Slug 
Low density High density Low density High density 

PURE CULTURE MIXED CULTURE 

Figure 3. Biomass allocation to various plant parts of foa annua as 
affected by culture, density and slug herbivory. 
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Table IV. Mean values of (a) proportions of total biomass allocated to 
vairous plant components, and (b) biomass ratios between various 
plant components, as they were affected by treatments (see mhk II). 
(i) Culture main effects; (ii) slug herbivory main effects. Standard 
errors are in parentheses. Conventions in t&/r 1. 

(a) Biomass (‘%) leaf repr. 

(i) Culture 

Pure 38.6 ( 1.5) 10 (0.8) 

Mixed 26.5 (0.6) 13.9 (0.6) 

(ii) Slug 

- 12.5 (0.8) 

+ I 1.4 (0.8) 

(b) Biomass ratios 

(i) Culture repr./stem repr./leaf repr.1 repr./ 
(stem + leaf) (stem + leal 

+ roar ) 

Pure 0.23 (0.02) 0.28 (0.03) 0.12 (0.01 ) 0. I I (0.0 I ) 

Mixed 0.30 (0.02) 0.54 (0.03) 0.19 (0.01) 0.16 (0.01) 

(ii) Slug repr./stem repr./lcat rcpr.1 repr.1 
(\tem + leaf) (stem + leaf 

+ root) 

0.28 (0.02) 0.42 (0.04) 0.17 (0.01) 0.14 (0.01) 

+ 0.25 (0.02) 0.39 (0.04) 0. IS (0.01) 0.13 (0.01 1 

in the study had greater biomass in mixed than in pure 
stands. Nevertheless. the degree of this variation was 
not uniform in all plant parts, since in mixed stands the 
proportions of dry matter allocated to reproductive 
organs and leaves were higher and smaller, respec- 
tively, than in pure stands. Differences in competitive 
ability between l? annua and A. thaliana may account 
for these results. In pure stands, high (intraspecific) 
competition levels experienced by P anwa may 
account for its relatively large diversion of resources 
toward plant parts directly involved in competition 
(i.e. potentially leaves and roots). In contrast, in mixed 
stands, plants of l? annua were surrounded by weaker 
competitors (i.e. plants of A. thaliana) which probably 
enabled their allocation of more resources for the 
growth of reproductive organs (cf. [43]). The high 
fertility of the soil and adequate water used in the 
experiment may account for the absence of differences 
between pure and mixed stands in the proportion of 
biomass allocated to roots. In other words, the high 
fertility of the soil made the effects on allocation of 
competition for soil resources negligible compared 
with those caused by the plant-plant interactions 

occurring above ground (see [58]). This interpretation 
is based upon the notion [ 1 I, 181 that plants concen- 
trate their growth in those parts of their anatomy 
whose function is most constrained by the environ- 
ment (i.e. leaves in the present case) [28, 521. 

The central idea of the Y- and K-selection concept 
[39, 481 is that populations experiencing high den- 
sity-independent control are under positive selection to 
allocate more resources to reproduction (i.e. an r 
strategy is relatively favoured) than populations expe- 
riencing high density-dependent regulation (i.e. a K 
strategy is favoured). Accordingly, Gadgil and Solbrig 
[27] hypothesised that, in situations where plants are 
closely packed, production of non-reproductive tissues 
would be favoured, thereby enhancing reproduction at 
later stages in the life-history. Our results agree with 
this prediction. as allocation to reproductive organs 
was lower in pure stands (exhibiting low space avai- 
lability) than in mixed stands, where the availability of 
space was greatest due to the relatively small size of 
A. ttialiuna. 

Law et al. [38] found that t? unnua seeds originated 
in continuously disturbed habitats with high avai- 
lability of bare ground (i.e. mostly experiencing den- 
sity-independent regulation), produced plants which 
were generally short lived and with rapid development 
to reproduction when grown in a standard environ- 
ment. Conversely, seeds from less disturbed commu- 
nities, in which the individuals were closely packed 
with others of their own or different species (i.e. pre- 
dominantly experiencing density-dependent regula- 
tion), produced long lived plants, with longer pre- 
reproductive periods. These results indicated that there 
were genetically-determined differences in most com- 
ponents of the life histories between the two kinds of 
plant populations (see also 1541). The greater allo- 
cation to reproductive organs we observed in mixed 
stands, suggests a shorter life cycle of P anwa than in 
pure stands. This, in turn, suggests that the patterns of 
reproduction observed by Law and co-workers could 
have been caused by the differences in spacing 
existing between the habitats they studied, and sup- 
ports the hypothesis [38] that density-dependent regu- 
lation has directly contributed to the diversification of 
the life histories of l? annua, and to its high genetic 
variability [22]. 

4.2. Density 

Why was allocation pattern affected by culture but 
not by density? Both treatments had effects upon space 
availability, although it is likely that such effects 
differed in some way. Within the culture treatment, 
differences in space availability resulted from changes 
in the specific identity of the neighbours surrounding 
each individual of P anrzua (i.e. conspecifics in pure 
stands and plants of A. thaliana in mixed stands). This 
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meant that f! uwuuz interacted with neighbours of 
different size and shape in each case. Hence, not only 
space availability, but also the geometry of space 
differed between pure and mixed stands [24]. Again, if 
plants tend to concentrate their growth in those parts 
of their anatomy which are more constrained by the 
environment (see above), it is likely that such diffe- 
rences led to a different allocation pattern in each kind 
of culture [50,55]. Conversely, changes in space avail- 
ability within density treatment were due to variations 
in the number of plants per surface unit, but, as the 
specific identity of the plants did not change because 
of the treatment, it seems reasonable that the geometry 
of the space did not vary in this case as strongly as 
between pure and mixed stands. This may indeed 
explain why the biomass allocation pattern of P. alzlzua 
was not affected by density. At high density, the plants 
experienced greater interference on their growth and, 
consequently, were smaller than at low density, but 
this reduction in size was similar in all the plant parts; 
i.e. it did not alter the plants’ allocation pattern since 
the increase in density stress was uniform throughout 
the plants’ structure. 

As discussed before, differences in spacing among 
habitats seem to have contributed to the diversification 
of the life histories in P annua. The variation of bio- 
mass allocation patterns observed between pure and 
mixed stands, coupled with the lack of variation within 
the density treatment, both suggest that changes in 
neighbour geometry are also relevant for life-history 
selection. Furthermore, these results also suggest that 
life-history diversification can be more associated with 
inter- than with intra-specific competition, since varia- 
tions in space geometry are more likely to be associ- 
ated with interspecific interactions. 

4.3. Slug herbivory 

Differential slug herbivory on the two species was 
intense, with foliage of A. thaliana commonly being 
totally consumed. In l? annua, slug herbivory was 
associated with reductions in the absolute and relative 
amount of the biomass corresponding to reproductive 
structures. Similar results have been found by Rai and 
Tripathi [49], studying the effects of slug herbivory on 
other annual species, and by other authors studying the 
effects of artificial defoliation [35, 421 and insect 
herbivores on plants [7, 32, 43, 461. In addition, 
Dirzo and Harper [20] found evidences that defoliation 
by the slug Agriolimax caruanae decreased the repro- 
ductive potential of l? unnua and Capsella bursapas- 
tois. Although we have observed evidence of slug 
attack on l? annua, we have never found slugs on the 
reproductive structures of the plants, nor any sign of 
direct damage. Hence, the effects of slug herbivory on 
reproductive biomass were probably indirect, associ- 
ated with a decrease in the resources devoted to repro- 

duction in grazed compared with ungrazed stands [40, 
41, 501. 

Dirzo [19] studied the acceptability of the leaves of 
R annua and 29 other plant species to Agriolimax 
caruanae, and Cates and Orians [13] analysed the 
palatability of the leaves of A. thaliuna and 99 other 
species to Ariolimax columbianus and Arion atel: In 
both studies, the slugs showed high preference for the 
leaves of annual species, probably because they are 
frequently soft and thin and rarely contain secondary 
compounds. Another feature shared by most of the 
species preferred by the slugs was that their leaves are 
positioned close to the ground and therefore are more 
accessible for the herbivores [ 191. A. thaliana exhibits 
all the characteristics of a highly palatable species - it 
is an annual species with soft thin leaves, forming a 
rosette which grows close to the ground - and was 
among the most preferred species in the study of Cates 
and Orians [ 131. Conversely, the leaves of P annua 
were less preferred in the study of Dirzo [19], in spite 
of the fact that this species can sometimes behave as 
an annual species. In addition, the leaves of P annua 
grow well above the ground surface, and have silica 
deposits (phytolits) in them. The latter is a common 
characteristic among grass species and has been used 
to explain the rejection that both slugs and snails fre- 
quently show for grass leaves [19, 531. 

A low preference by the slugs for the leaves of 
l? annua, and a high preference for those of A. tha- 
liana, may explain the interactions shown by culture 
and herbivory for root biomass, the percentage of root 
and shoot biomass, and for the root/shoot ratio. The 
decrease in the absolute and relative amounts of root 
biomass (figures 1 a and c), and the increase in the per- 
centage of shoot biomass (figure I b) shown by the 
plants in pure stands in presence of herbivory, suggest 
that the slugs may be feeding below ground (cf. [20]). 
Similarly, extensive slug feeding on A. thaliana may 
explain why the absolute and relative amounts of 
P annua root biomass did not decrease in mixed 
stands in the presence of the herbivores figures 1 a 
and c) (cf. [30]). The data also suggest that slug 
grazing effects on plant biomass may be modified by 
interactions between plant density and culture type, as 
has been previously found by several authors [9, 12, 
17,431. The amount of I? annua biomass decreased in 
the presence of herbivory in three situations: in low 
and high density pure stands, and in high density 
mixed stands, whereas in the least crowded situations, 
the low density mixed stands, the opposite occurred; 
i.e. the amount of biomass was greater in grazed than 
in ungrazed stands (tables I and II, figure 2). Compa- 
rable results have been obtained by Cottam [17] when 
studying the effects of D. reticulatus on Trifolium 
repens and Dactylis glomerata. This author found that 
7: repens dominated D. glomerata, eventually elimi- 
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nating it from ungrazed mixed stands. However, 
Cottam [ 171 also found that slug grazing reduced the 
yield of the most preferred plant 7: uepens, enabling 
D. glomerata not only to coexist, but also to grow 
better and accumulate more nitrogen than grazed con- 
specifics in monocultures. Our results can be inter- 
preted assuming the preference of the slugs for 
A. thaliana being modified at high plant density. 
Accordingly, we suggest two non exclusive possibili- 
ties to explain these results. (i) In low density mixed 
stands, the slugs mainly consumed A. thaliana, 
resulting in greater availability of space and resources 
for the growth of P annua, and in turn an increase in 
the yield of this species. In high density mixed stands, 
A. thaliana was strongly depressed by its competitive 
interactions with I? annua, which could have resulted 
in the amount of A. thaliana biomass being so low that 
it is not enough to meet the slug’s nutritive require- 
ments. Therefore, P. annua plants did not benefit by 
the differential herbivory on A. thaliana in this case, 
since they too were attacked by the slugs. (ii) Another 
possibility is that the crowded environment prevailing 
in the high density situations may have facilitated the 
slug attacks on P annua, for example due to the strong 
overlap which occurred between the leaves of this spe- 
cies and those of A. thaliana at the beginning of the 
experiment (pers. obs.), and/or due to an increase in 
the difficulty for the slugs to find A. thaliana in these 
situations. 

An additional explanation to the contrasted effects 
of slug grazing on plant biomass under different plant 
densities and cultures is provided by the compensatory 
continuum hypothesis [40]. In general, this hypothesis 
states that the harsher the conditions, the more 
severely plants will be impacted by herbivores, while 
with more benign conditions plants may be able to 
equally or overcompensate the effects of herbivory 
[56]. As discussed before, the least crowded and, 
therefore, potentially most benign situations in our 
experiment occurred in the low density mixed stands. 
According to theory, these would be the places most 
readily suited for an overcompensatory response to 
occur. Indeed, the amount of biomass was greater in 
grazed than in ungrazed low density mixed stands. 
Whereas, in contrast, in potentially harsher situations 
(i.e. high density mixed stands and pure stands) the 
opposite occurred: grazed stands showed less biomass 
than ungrazed stands. The concordance between 
theory and observations is not surprising, since 
l? anrwz appears to be good candidate to show over- 
compensation. Specifically, it belongs to a family of 
species which have coevolved with grazers and are 
adapted to being grazed [5]. In addition, this species 
normally exhibits either annual or biennial life cycles, 
precisely the kind of life cycles that have been sug- 
gested to be the most likely ones to show overcom- 
pensation [56]. The mechanisms by which such 

overcompensatory responses may take place have 
been reviewed by Whitham et al. [56]. We would like 
to emphasise the principal conclusion to be drawn 
from the data, which is that the three factors examined 
(i.e. culture type, density and slug herbivory) interact 
in ways that modify the yield and/or biomass alloca- 
tion pattern of the grass species studied here. These 
interactions have appeared in relatively uniform exper- 
imental conditions for which they are probably the 
rule rather than the exception in the more complex 
environment of a natural community. 
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