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and H. helix. In Exp. 2, sheep offered two tannin-rich shrubs (P. lentiscus and A. unedo) plus the

saponin-rich H. helix ate more foliage (P < 0.01) than sheep offered three high-tannin shrubs (P.

lentiscus, A. unedo, and Q. ilex; 28.8 � 1.6 g/kg BW versus 20.8 � 1.8 g/kg BW; Fig. 2). Again,

animals receiving H. helix consumed more foliage (P < 0.01) of both P. lentiscus and A. unedo

than those fed three tannin-containing shrubs (6.6 � 1.2 g/kg BW versus 3.7 � 1.3 g/kg BW;

13.3 � 1.5 g/kg BW versus 10.7 � 1.1 g/kg BW, respectively). Intake of H. helix was

remarkably less (P < 0.01) in Exp. 2 than Exp. 1 (8.9 � 0.7 versus 12.8 � 0.7).

In Exp. 3, sheep provided a mixture of three high-tannin shrubs (Q. ilex, A. unedo, and P.

lentiscus) plus the saponin-rich H. helix consumed more total foliage (P < 0.01) than a mixture

of four tannin-rich shrubs (Q. ilex, Q. pubescens, A. unedo, and P. lentiscus; 35.3 � 2.3 g/kg BW

versus 26.9 � 3.0 g/kg BW; Fig. 2). Sheep also ate more A. unedo, P. lentiscus, and Q. ilex when

fed with H. helix (P < 0.01) than when fed in a mixture of four high-tannin shrubs (13.3 � 0.6 g/

kg BW versus 11.3 � 0.6 g/kg BW; 6.0 � 0.9 g/kg BW versus 3.7 � 0.7 g/kg BW; 7.6 � 0.9 g/

kg BW versus 5.2 � 0.8 g/kg BW, respectively).

Sheep in Exp. 4 also ate more foliage (P < 0.01) of the mixture of three high-tannin shrubs

with H. helix than those fed a mixture of only the three high-tannin shrubs (Q. ilex, P. lentiscus,

and A. unedo). The intake difference was much greater between experimental groups

(38.6 � 2.5 g/kg BW versus 21.5 � 2.4 g/kg BW) in Exp. 4 when the number of shrubs in the

mixture differed. Sheep again ate more P. lentiscus when fed with H. helix than when fed only

with high-tannin shrubs (5.4 � 1.1 g/kg BW versus 4.0 � 0.3 g/kg BW; P < 0.01), but intake of

the other two high-tannin shrubs (A. unedo and Q. ilex) did not differ between groups (11.4 � 1.4

versus 10.1 � 1.6; 8.7 � 1.9 versus 7.5 � 1.0; P > 0.05; Fig. 2).

Although intake of the five shrubs differed among experiments, the rank order of amount of

each shrub species eaten was similar across experiments. The mean amount of shrubs

consumed across all experiments and treatments was: A. unedo (11.6 � 1.1 g/kg BW), H. helix
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Fig. 2. Intake (g/kg BW) of sheep fed different combinations of high-tannin (Quercus ilex, Quercus pubescens, Arbutus

unedo, and Pistacia lentiscus) and/or high-saponin Hedera helix shrubs; n = 6 per treatment group; P < 0.01.
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(10.6 � 0.9 g/kg BW), Q. ilex (7.1 � 1.0 g/kg BW), Q. pubescens (6.7 � 1.7 g/kg BW), and P.

lentiscus (5.3 � 1.0 g/kg BW).

4. Discussion

Complementary resources are very common in nature (Schmidt et al., 1998). Herbivores may

select different plants that provide a balanced mixture of nutrients (Westoby, 1978; Wilmshurst

et al., 1995) or reduce the intake of any one allelochemical (Freeland and Janzen, 1974). Many

studies have shown that mammalian herbivores perform better when fed mixed diets (Freeland

et al., 1985; Pennings et al., 1993; Bernays et al., 1994). Balancing nutrients and minimizing

harmful effects of toxins are two alternative (but not mutually exclusive) hypotheses for

explaining food complementarity.

Tannins and saponins are two major classes of phytochemicals that are prevalent in

Mediterranean shrubs. Sheep provided with a choice of shrubs containing tannins or saponins

consumed combinations of the shrubs that presumably reduced adverse effects associated with

consumption of either toxin alone. In the first three experiments, sheep consumed more total

shrubs when fed a mixture containing both high-tannin and high-saponin shrubs than an equal

number of only tannin-containing shrubs. These results suggest a complementary interaction of

shrubs containing both classes of secondary compounds, particularly considering that P. lentiscus

intake (the shrub with the highest tannin index) was increased in all experiments when fed in

combination with H. helix.

Each shrub has a unique combination of primary and secondary compounds, and therefore,

presumably a unique flavor and nutrient profile. We predicted that the positive effect of saponins

in H. helix would be reduced as the number of shrubs and biological diversity of the diet increased

(Rogosic et al., in press-b,c); however, this hypothesis was rejected based on our results. In

contrast, increasing the number of Mediterranean shrubs (three versus six) offered to sheep and

goats did stimulate intake in our previous studies (Rogosic et al., in press-b,c).

The phytochemical complementarity hypothesis assumes that different plant species contain

different amounts and classes of allelochemicals that enable different combinations of secondary

compounds to be selected in order to minimize toxic effects. The positive effects are obviously

dependent on the relative proportions of the toxins ingested (Pfister et al., 1997). Tannins,

saponins, and other phytochemicals likely form chemical complexes within the intestinal tract,

since tannins and saponins have been shown to form chelation complexes in ‘‘in vitro’’ systems

(Freeland et al., 1985). Formation of intestinal complexes would be expected to reduce

absorption of these compounds.

Total shrub intake increased numerically as the number of shrubs increased over the course of

Exps. 1–3. Although these experiments are not compared statistically, Fig. 2 illustrates that

increasing number of shrubs offered increased intake. Sheep eat more when offered several foods

(3 > 2 > 1) that contain complementary toxins (Burritt and Provenza, 2000; Villalba et al., 2002,

2004) or as the number of shrubs offered increases (1 < 2 < 3 < 6; Rogosic et al., in press-b,c).

Under this framework, herbivores would be expected to eat small amounts of poor quality foods

even though other palatable feeds are available for consumption (Rogosic et al., in press-a,b,c).

Mammalian herbivores possess many mechanisms for detoxifying or tolerating phytotoxins and

these various detoxification pathways are generally specific to a single phytochemical or class of

phytochemicals. Some authors have suggested that herbivores can consume a variety of plant

species to spread ingestion of phytotoxins over a great number of detoxification pathways

(Freeland, 1991; Bernays et al., 1992). In this manner, herbivores might avoid overloading a
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particular detoxification pathway and thus avoid toxicosis. Furthermore, complementary

interactions between high-tannin shrubs and the high-saponin shrub as observed in this study

may reduce toxicity if herbivores select diets that take advantage of these beneficial interactions

(Freeland et al., 1985; Burritt and Provenza, 2000; Rogosic et al., 2003). The fact that the high-

saponin H. helix positively influenced biomass intake in Exps. 1–3 may have implications for

coevolution between plant and animals in grazed ecosystems (i.e., if herbivores capitalize on

complementary interactions among secondary compounds as a means of neutralizing negative

effects of toxins). Flavor–nutrient–phytotoxin interactions within a plant community may also

partially explain why effectiveness of plant defenses varies with the mixture of plant species

(Rogosic et al., in press-c).

Total shrub intake was numerically much lower for sheep receiving the treatment without H.

helix in Exps. 2 and 4 (three tannin-containing species) compared to the treatment without H.

helix in Exp. 3 (four tannin-containing species), but total shrub intake remained similar for sheep

fed the treatments containing H. helix in Exps. 3 and 4. Although total intake differed between

treatment groups in Exps. 1–3, total intake differed to a greater extent in Exp. 4 when number of

shrubs fed decreased. Moreover, the numerical increase in total intake as number of species fed

increased (Fig. 2) further supports an increased intake as biological diversity of the diet

increased. Variable nutrient concentrations in plant species may have different effects on diet

selection by herbivores depending on the classes and concentration of phytotoxins in the plant

community. Thus, relationships among shrubs are likely to vary on a case-by-case basis

depending on biochemical composition.

The variety of shrubs species in the maquis plant community may present a challenge for

herbivores to determine which combinations of shrubs will best meet nutritional needs, minimize

intake of toxins, optimize interactions between nutrients and toxins, and optimize interactions

between multiple toxins. While much more work needs to be done, it is clear that herbivores learn

from the postingestive consequences of antagonistic and complementary interactions between

nutrients/toxins and toxins/toxins.

5. Conclusions

Plants produce diverse mixtures of biochemicals that provide herbivores with nutrients for

survival and reproduction and secondary metabolites that can both cause toxicity and yield health

benefits. Biochemical diversity in a plant community may enable herbivores to eat combinations

of foods that are complementary, and result in improved performance. Our results suggest a

complementary interaction exists between tannins and saponins contained in five dominant

shrubs of the Mediterranean maquis plant community when fed to sheep, and increasing number

of shrubs offered to sheep also appeared to increase shrub intake. Complementary interactions

between phytochemicals may influence how herbivores mix their diets and use food resources.

Outcomes of their interactions may help to explain the dietary choices of herbivores. Exposure to

a variety of plant species may allow herbivores to select mixtures that result in more balanced

diets with fewer harmful effects of phytotoxins in chemically defended environments.
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