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We observed, however, no significant difference in development time (egg to pupation) between the 13 
larvae that survived to pupation while feeding on Elodea and the 21 larvae that survived to pupation on 
milfoil. In both treatments it took approximately 7 weeks for first-instar larvae to develop to the pupal 
stage (milfoil51.6.±1.3 days, Elodea 50.7±1.7 days, t-test, df=32, t=-0.42, P=0.68). 

,Mesocosm experiment 

Distribution of larva. All control tanks remained herbivore-free during the experiment. Of the 432 larvae 
added to all the treatments, 303 (70%) were retrieved at the end of the experiment, or earlier as adults 
matured. At the end of the experiment, 21 % of all retrieved Acentria were in the larval stage, 70% had 
reached the pupal stage and 9% were adults. Because larvae were added mainly as second instars, the 
generation time of these animals was approximately 6-7 weeks (assuming 8-10 days for eggs to hatch 
and 9-11 days after hatching to reach the second instar stage, Gross, personal observation). Although the 
numbers oflarvae found on both macrophyte species were very similar, more pupae were found on 
Elodea than on milfoil. 

Damage of the apical meristem and resulting lateral branching. A major competitive trait of milfoil is 
the ability of its rapidly growing shoots to form canopies. Apical dominance in Myriophyllum is high 
with side shoots growing generally only after the main shoot has reached the water surface. As a result, 
selective herbivory on the apical meristems of this plant should result in decreased length of the main 
shoots and enhanced lateral branching in the form of increased numbers of side shoots. We observed 
extensive damage to the apical meristems of Myriophyllum in tanks containing larvae. Depending on the 
stocked larval density, damage to the apical tips of the main shoots varied between 39% and 87%, and to 
the side shoots between 20% and 72% (Fig. 2E). Tip damage of main and side shoots increased 

significantly as a function oflarval density (main shoots: R2=0.80, P<O.OOOl; side shoots: R2=0.75, 
P<O.OOOl, Fig. 2E). Whereas plants in the control tanks reached the water surface and formed a canopy, 
this was never observed for plants damaged by herbivory even at the lowest stocking density. No 
herbivore damage of apical meristems was observed for Elodea because Acentria feeding on this species 
removed leaves below the apical tips. 
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Fig. 2. The effect of increasing Acentria stocking densities on the total biomass of M spicatum (A) and 
E. canadensis (B). The length of the main shoots of Myriophyllum are given in C. Statistical information 
in C refers to a one-tailed Wilcoxon rank sum test. The box plot presents median, 25 and 75 percentiles 
(box) and 5th / 95th percentiles (dots). n=92 for controls, and 63,61 and 60 for 75,200 and 400 larvae 
per square meter, respectively. The percentages of green, brown and herbivore-damaged tissue of Elodea 
are shown in panel D. Both brown and damaged tissue produced new side shoots. Damage to the apical 
meristem of Myriophyllum caused by Acentria on main and side shoots is given in panel E 
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Biomass development 

Increasing stocking densities of Acentria hindered biomass development in Myriophyllum (Fig. 2A, 

linear regression, R2=0.35, P<O.Ol). Although side shoot development measured as the total length of 
side and broken shoots did not differ between treatments (data not shown), side shoots from treatments 
with larvae seemed more fragile and had thinner stems than those from controls. This, in addition to 
biomass differences of the main shoots, probably caused the overall lower biomass yield in the presence 
oflarvae. The mean length ofthe main shoots was affected in a similar way, declining from a median of 
27.5 cm in the control tanks to 14.5 at the highest stocking density (Fig. 2C, one-tailed Wilcoxon rank 

sum test, ~?-approximation, X2=20.9, df=3, P<O.OOOI). 

In contrast, Elodea biomass (referring to the total biomass retrieved in one tank, including green, brown 
and grazed plant parts) was not affected by the stocking density of Acentria (Fig. 2B, linear regression, 

R2=0.001, P=0.92). An effect of Acentria could only be observed for proportions of the plant biomass 
that were brownish or subjected to herbivory indicated by missing leaves (linear regression, brown parts: 

R2 =0.37, P<O.OI; herbivore-damage: R2=0.78, P<O.OOOI; Fig. 2D). Brownish plant parts were present 
in 8% of control Elodea plants as well as in 7-18% of the plants in the treatments with larvae added. In 
the latter, shoot parts with obvious Acentria damage ranged between 7% and 14% (Fig. 2D), no such 
damage was observed in control tanks. Nevertheless, both brownish and grazed shoots exhibited new 
side shoot development, indicating that herbivory had no lasting negative impact on the growth potential 
of this species. 

Discussion 

Our study indicates that herbivory by the aquatic moth, Acentria ephemerella is directed to a 
significantly greater extent at the exotic nuisance aquatic plant Myriophyllum than at native Elodea. This 
in turn can affect canopy formation and biomass development of Myriophyllum. In consequence it may 
indirectly change the community structure of submersed macrophytes. Field observations and a thorough 
analysis of our long-term data set on submersed macrophytes in Cayuga Lake revealed a shift in 
dominance from milfoil to Elodea during the 1990s (Fig. IB). Direct evidence for herbivore-related 
damage to the apical meristems of Myriophyllum and for an Acentria-related decline in milfoil biomass 
come from our mesocosm study involving the simultaneous culture of these two dominant submersed 
macrophytes, and from the preference of this generalist macroinvertebrate herbivore for milfoil over 
other macrophytes in short-term laboratory experiments. We argue that losses in biomass, when directed 
at reproductive tissue such as apical meristems, weaken the competitive ability of milfoil and ultimately 
may cause milfoil to lose dominance over other submersed macrophytes in the presence of Elodea. One 
reason might be that Elodea profits from the higher light availability when milfoil cannot form a canopy 
(Abernethy et al. 1996; Madsen et al. 1991). 

Is Acentria an important herbivore? 

Our data show that Acentria causes major damage to milfoil under laboratory conditions. The high 
abundance of larvae found on apical meristems and associated damage suggest that this herbivore also 
has a substantial impact in the field (see also Johnson et al. 1998, 2000). The multiple sampling sites of 
our long-term study on submersed macrophytes in Cayuga Lake provide a high-resolution picture of 
changes in individual macrophyte biomass (Johnson et al. 1998, 2000). Acentria has also been 
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implicated as a cause .of a Myriophyllum decline in the Kawartha Lakes (Painter and McCabe 1988). In 
Brownington Pond, Vermont (Creed and Sheldon 1994) and Lake Memphremagog, Vermont (Creed and 
Sheldon 1993) milfoil declines were ascribed to herbivory by the true aquatic weevil Euhrychiopsis 
lecontei. However, Acentria was present in both water bodies at densities of about one larvae per apical 
meristem (Creed and Sheldon 1993) that are comparable to those in the Kawartha Lakes (Painter and 

, McCabe 1988) and Cayuga Lake (Johnson et al. 2000). Further, Creed and Sheldon (1994) found in a 
laboratory study that Acentria can cause more damage to Eurasian water milfoil than the weevil, and it 
seems likely that herbivore damage in the Vermont lakes was at least in part caused by Acentria. At the 
same time, it is very unlikely that the weevil caused significant damage to milfoil in Cayuga Lake 
because E. lecontei is present only in very low densities (0.03 individuals per apical meristem or ca. 6-10 

indIviduals m -2, Johnson et al. 2000), whereas significant biomass losses have only been reported at 

weevil densities of250 individuals m-2 in. field studies (Creed and Sheldon 1995) or approximately 350 

individuals m -2 in tank studies (Newman et al. 199Q). Finally, the damage to milfoil caused by the two 
herbivores can clearly be distinguished and was predominantly caused by Acentria in Cayuga Lake, 
visible as removed tips and the remains of feeding cocoons made out of mil foil leaves. Acentria actively 
feeds on milfoil when water temperatures exceed 10°C, as would be the case from May to November in 
Cayuga Lake. Thus, it is present during most of the active growing period of milfoil. 

The total amount of milfoil biomass removed by Acentria in our mesocosm experiment was small. The 
tanks with highest larval stocking densities had biomass losses due to herbivory of only 17% after 
3 weeks. This value lies, however, well within the range of plant losses due to herbivory in terrestrial and 
other aquatic systems (Landsberg and Ohmart 1989; Cyr and Pace 1993; Hairston and Hairston 1993), 
and the effect would have been more pronounced if we had distinguished between decaying and freshly 
green milfoil tissue. Acentria-damaged and broken milfoil shoots seldom produced side shoots or 
adventive roots, making regrowth from this tissue unlikely. In our tanks with the highest stocking density 
the combined main shoot length was reduce~ by almost 40%, and nearly 90% of the apical meristems 
were completely damaged by herbivory. The average lengths of the main shoots were reduced by almost 
30%, which was sufficient to prevent canopy formation in these treatments. Although lateral branching 
had started by the end of the experiment, new side shoots also had substantial damage to their apical tips 
(72%). 

Continuous removal of meristematic tissue in Myriophyllum should have pronounced long-term effects 
beyond the 3 weeks of our study because the competitive advantage of milfoil relies heavily on the 
formation of a canopy (Smith and Barko 1990; Madsen et al. 1991). Recurrent tip damage to milfoil 
should reduce resource allocation to the roots and thus inhibit regrowth in succeeding years (Newman et 
al. 199Q). In contrast, herbivore damage to Elodea in our study was minor and did not significantly 
reduce plant biomass. Due to its highly plastic growth form, Elodea is able to form new side shoots at all 
nodes even when leaves are missing or when the usually green stem turns brown as a result of herbivory. 
We did not observe increased Elodea biomass in our tanks with highest larval stocking densities, but the 
long-term impact of Acentria herbivory on plant competition could not be followed in our experiment 
because the maximum time we could run the mesocosm experiment was constrained by the 
developmental rate of Acentria. Further, since our tanks were only 50 cm deep we had already observed 
canopy formation by milfoil in the control tanks by the end of the second week. Nevertheless, despite the 
small size of our tanks and the relatively short time span of the experiment, we observed significant 
effects of Acentria on the performance of Myriophyllum and not on Elodea. With the effective removal 
of the apical meristem and a continuous presence of Acentria a vigorous regrowth of milfoil would not 
occur. Our field observations show that in Cayuga Lake Myriophyllum has failed to form a canopy since 
early in the 1990s. Most apical meristems are damaged by Acentria herbivory. We conclude that the 
prevention of canopy formation in milfoil due to Acentria very likely caused the shift of dominance from 
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milfoil to Elodea in Cayuga Lake. Selective herbivory by vertebrates (fish and waterfowl) in lakes in The 
Netherlands has been 'shown to change macrophyte community structure due to selective feeding (Van 
Donk 1998). 

Effect of spatial heterogeneity on the herbivory of Acentria on macrophytes 

, Littoral zones offer heterogeneous habitats due to different sediment characteristics, slope, wind 
exposure and other factors. This often results in a patchy distribution of macrophytes. We observed this 
in Cayuga Lake for Elodea and Myriophyllum. In 1996 minimum and maximum biomass found in the 

individual small quadrates sampled (0.25 m2) in the 11 large quadrants varied between 0 and 172 g DW 

m-2 for Myriophyllum (mean ±1 SE: 16.5±3.8 g DW m-2) and between 1 and 270 g DW m-2 for Elodea 

(mean ±1 SE: 94.8±14.0 g DW m-2). Thus, the patches varied in dominant species and community 
structure. This heterogeneity is difficult to address in tank experiments of the size we used. At present, 
we have no detailed data about the heterogeneous distribution of Acentria larvae in the field. In most 
cases, only dense milfoil stands were sampled for Acentria for the purpose of relating larval abundance 
to damage of apical meristems (Johnson and Gross, unpublished data). We did not quantify densities on 
other macrophytes. In dense patches of mil foil we usually find 0.7-1.4 larvae per apical meristem 
(Johnson et a1. 2000), yielding between 140 and over 2,000 larvae per square meter. Since most females 
of Acentria are wingless, dispersal of this species should be restricted to the vicinity where the female 
had emerged. This would result in higher densities of Acentria in suitable macrophyte patches (e.g., 
dense Myriophyllum areas). These moth larvae may not be able to control any further their density 
because milfoil patches are not evenly distributed. This is similar to Kouki's (1991 a), observation that 
females of Galerucella nymphaea (Chrysomelidae, Coleoptera) feeding on waterlily leaves fly close to 
the water surface in a random search and are not able to locate dense host plant patches from long 
distance. Life-cycle dependent redistribution of G. nymphaeae may strongly affect the damage 
experienced by the host plant Nuphar lutea (Otto and Wallace 1989; Kouki 1991 b). In Cayuga Lake, 
however, Elodea and other macrophytes offer alternative food sources when milfoil abundance is low. 
From these refuge plant species Acentria may recolonize milfoil when it again increases in dominance. 

Herbivory and competition among macrophytes 

Many studies have shown that grazing by zooplankton and macroinvertebrates can strongly influence 
phytoplankton and epiphytes, leading to grazing-resistant or grazing-tolerant species and to changes in 
species composition (e.g., Gulati et a1. 1992; Lampert 1987, 1994). Herbivory can affect plant 
competition in two ways. First, herbivory often changes plant growth or morphology, thus changing 
access to resources, and second, it alters the relative abundance of some species, thereby changing 
resource availability for the competitors (Louda et a1. 1990). In Cayuga Lake, Elodea tolerates herbiv.ory 
because Acentria larvae avoid feeding on its apical meristems. The meristems of Elodea seem to be more 
compact and impenetrable than those in Myriophyllum for the larvae. Myriophyllum suffers directly and 
indirectly from herbivory. The direct effect is the removal of biomass, although as we observed in our 
mesocosm experiment, this effect might not be very pronounced. Secondary effects of herbivory, 
including the removal of apical meristems can prevent the formation ofa canopy. This, in tum, requires 
milfoil to invest in secondary growth. Further, by losing its canopy it surrenders its competitive 
dominance of the resource light and as a result suffers enhanced competition with other submersed 
macrophytes such as Elodea. Finally, with the loss of its apical tips, Myriophyllum loses a substantial 
amount of the allelochemical tellimagrandin II, which inhibits epiphytic algal growth (Gross 1999, 
2000). In fact, the milfoil shoots in the tanks with the highest larval densities exhibited more epiphyte 
cover than those in the controls. These indirect effects ultimately dictate the long-term success or failure 
of the milfoil popUlation. 
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