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Wetlands provide many important ecosystem services to human
society1±5, which may depend on how plant diversity in¯uences
biomass production and nutrient retention4,6±8. Vascular aquatic
plant diversity may not necessarily enhance wetland ecosystem
functioning, however, because competition among these plant
species can be strong, often resulting in the local dominance of a
single species4,9. Here we have manipulated the species richness of
rooted, submerged aquatic plant (macrophyte) communities in
experimental wetland mesocosms. We found higher algal and
total plant (algal plus macrophyte) biomass, as well as lower loss
of total phosphorus, in mesocosms with a greater richness of
macrophyte species. Greater plant biomass resulted from a sam-
pling effect; that is, the increased chance in species mixtures that
algal production would be facilitated by the presence of a less
competitive speciesÐin this case, crisped pondweed. Lower losses
of total phosphorus resulted from the greater chance in species
mixtures of a high algal biomass and the presence of sago pond-
weed, which physically ®lter particulate phosphorus from the
water2,10,11. These indirect and direct effects of macrophyte species
richness on algal production, total plant biomass and phosphorus
loss suggest that management practices that maintain macrophyte
diversity may enhance the functioning and associated services of
wetland ecosystems.

A critical question in environmental biology is whether macro-
phyte diversity in wetlands determines the effectiveness of the well-
known services of wetlands to society, such as the sustainable
production of food, recreational opportunities, and water
puri®cation by retention of pollutants and sediments. These ser-
vices probably depend on how well wetlands perform certain
ecosystem functions, such as nutrient retention1,2,12 and primary
production1,13,14. Work in grasslands has suggested that greater plant
species richness leads to more ef®cient uptake of nutrients and
greater productivity15±18; however, local environments in wetlands
are typically dominated by a single vascular plant species4,9. Thus,
vascular plant diversity in wetlands may not affect ecosystem
functioning positively, or even by the same mechanisms operating
in grassland systems, and therefore biodiversity may not positively
affect ecosystem functioning ubiquitously. For these reasons, we
investigated whether the diversity of submerged, rooted freshwater

aquatic vascular plants can affect wetland biomass production and
phosphorus retentionÐtwo ecosystem processes closely related to
wetland ecosystem services1,2.

We manipulated species richness of four submerged aquatic
macrophyte species, sago pondweed (Potamogeton pectinatus),
long-leaved pondweed (Potamogeton nodosus), crisped pondweed
(Potamogeton crispus) and horned pondweed (Zannichellia palus-
tris), in experimental mesocosms. The species are functionally and
morphologically different, for example in their use of space and
resources in soil, water and air.

Aboveground biomass of macrophytes (`shoot biomass') was
measured to understand how macrophyte biomass is correlated
with macrophyte species richness. Periphyton, which were present
predominantly as green ®lamentous algae and hereafter are referred
to as `algae', were also measured because the macrophyte species
differed in how well they supported algae, and because algae are an
important structural and functional component of wetlands11,19.
Phytoplankton were not measured owing to their relatively low
biomass compared with the biomass produced by ®lamentous algae.
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Figure 1 The effect of species richness on algal biomass (a), nutrient retention (b) and

above-ground macrophyte biomass (c) (mean 6 s.e.). Solid line is regression of biomass

or total P versus species richness. Algal biomass is periphyton biomass that is mostly

composed of green ®lamentous algae. Nutrient retention was inferred from measured

total phosphorus (P) loss from the out¯ow of each mesocosm. Shoot biomass is

aboveground biomass of submerged aquatic macrophytes.
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Nutrient loss was measured as loss of total phosphorus (P) in the
out¯ow of the mesocosms. Thus, our study measured nutrient loss
directly, rather than indirectly by measuring nutrient concentra-
tions in the soil below a perceived rooting zone16. Total P is often
used to measure a wetland's nutrient status and ability to retain
nutrients2,20, and includes primarily P bound-up in particulate
matter (80% of total P in our mesocosm systems) rather than
dissolved mineral P directly available to plants.

Algal biomass (Fig. 1a) increased and total P loss (Fig. 1b)
decreased with increasing macrophyte species richness. Because
macrophyte shoot biomass did not change with macrophyte species
richness (Fig. 1c) but algal biomass did, total plant biomass
(macrophyte plus algae) also increased with macrophyte species
richness (linear regression, P = 0.06, R2 = 0.04).

Greater macrophyte species richness resulted in higher algal
biomass, and thus total plant biomass, because of an indirect
`sampling effect'21. Higher macrophyte species richness increased
the chance that crisped pondweed would occur in the community,
and thus seemed indirectly to increase the chance that a mesocosm
would support higher algal biomass. Crisped pondweed was asso-
ciated with the highest production of algal biomass (Table 1),
presumably by providing attachment space for algae and nutrients
for algal growth through leaching of leaf tissue22±24.

Notably, this indirect sampling effect overcame an `inverse
sampling effect'25,26 of the greater chance in species mixtures that a
competitively dominant but less productive macrophyte speciesÐ
sago pondweedÐcould be present. The competitive dominance of
sago pondweed (Fig. 2a), as judged from its higher than expected

biomass per genet in species mixtures, apparently caused macro-
phyte tricultures to converge towards the biomass of sago pondweed
in monoculture (Fig. 1c). Therefore, even though crisped pondweed
yielded lower than expected biomass per genet in species mixtures
with sago pondweed present (Fig. 2c), its facilitation of algae was
suf®cient to produce a sampling effect towards higher algal biomass
(Fig. 1a) and higher plant (algal plus macrophyte) biomass.

Phosphorus loss in the out¯ow correlated negatively with algal
biomass (P , 0.001, r2 = 0.30) and decreased substantially when
crisped and sago pondweed were present (Table 1). Thus, greater
species richness decreased total P loss in the mesocosm out¯ow (Fig.
1b) through the indirect sampling effect by crisped pondweed on
algal biomass, but also through a direct sampling effect by sago
pondweed. Because total P is largely immobilized P that is bound-
up in particulate matter, lower P losses should occur primarily
because plants physically ®lter particulate matter from the water
rather than from uptake of available P. Sago pondweed may be
important in ®ltering P because of its highly reticulate structure.
Thus, when algal biomass is high owing to facilitation by crisped
pondweed, or when sago pondweed is present in a community,
physical ®ltration of particulate phosphorus seems to be
enhanced2,10,11.

Higher productivity from greater species diversity sometimes
arises from the greater chance in species mixtures that superior
competitors with high productivity are present in a community21.
Such sampling effects are sometimes construed as evidence that
individual species, rather than species richness, in¯uence ecosystem
functioning27,28. In our case, however, the species with the greatest
indirect effects on algal biomassÐcrisped pondweedÐwas a
weaker competitor than sago pondweed. Crisped pondweed's
biomass per genet in species mixtures with sago pondweed was
less than its biomass per genet in monoculture (Fig. 2c), whereas the
opposite was true for sago pondweed (Fig. 2a). Furthermore, P
losses were reduced by both the presence of crisped and sago
pondweed, even though the sampling effect by sago pondweed
did not increase macrophyte biomass.

Thus, our results emphasize the importance of species diversity in
enhancing ecosystem functioning, because the plant species with
the biggest effect on algal biomass and P retentionÐcrisped pond-
weedÐwas not a superior competitor and would probably be
excluded from a community because of interspeci®c competition.
In addition, the sampling effect of sago pondweed on total P
combines with the indirect sampling effect of crisped pondweed
to produce a diversity effect in conjunction with signi®cant species
effects. These probable mechanisms, and the fact that the four
macrophyte species were competing strongly (Fig. 2), effectively
refute a null hypothesis that greater species richness merely
increased the chance of sampling faster-growing, and thus more
productive, species in the absence of competition28.

Our results imply that higher vascular plant species richness in
wetlands may potentially yield up to 25% more algal biomass,
thereby potentially supporting a greater abundance of ®sh and
wildlife, and retaining up to 30% more potentially polluting
nutrients, such as P. These results are important because many
wetlands are dominated by one or a few vascular plant species. In
fact, managed freshwater wetlands near the Great Salt Lake, Utah,
are, in the absence of disturbances, predominantly monocultures of
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Figure 2 Biomass yield (mean 6 s.e.) per genet (shoot biomass per individual planted) of

the four submerged macrophyte species (a-d) in monocultures and in mixed cultures. C,

crisped pondweed; H, horned pondweed; L, long-leaved pondweed; S, sago pondweed.

Biomass per genet standardizes the number of individuals planted in different mixtures

(21 individuals in monocultures, 10 individuals per species in bicultures, and 7 individuals

per species in tricultures). A species experienced interspeci®c competition if its biomass

per genet was signi®cantly lower (P , 0.05) in the presence of other macrophyte species

than in monoculture. *P , 0.05, **P , 0.01 and ***P , 0.001, in contrasts after analysis

of variance.

Table 1 Algal biomass and total phosphorus loss in the presence and absence of the four species of pondweed

Sago Long-leaved Crisped Horned

Presence Absence Presence Absence Presence Absence Presence Absence
...................................................................................................................................................................................................................................................................................................................................................................

Algal biomass (g m-2) 62.0* 6 10.2 95.2 6 10.5 85.1 6 9.7 72.1 6 11.6 125.3*** 6 7.9 31.9 6 6.2 70.7 6 10.5 86.6 6 10.8
Total P loss (mg l-1) 0.017 6 0.001 0.022 6 0.003 0.018 6 0.001 0.021 6 0.003 0.016** 6 0.001 0.023 6 0.003 0.023* 6 0.003 0.016 6 0.001
...................................................................................................................................................................................................................................................................................................................................................................

Values are means 6 s.e.m. Stars in the `presence' columns indicate statistically signi®cant differences among means when a particular species is present versus when it is absent from the communities:
* P , 0.05, ** P , 0.01, *** P , 0.001.
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sago pondweed. This suggests that sago pondweed may ultimately
exclude the other macrophyte species in the ®eld, and therefore may
decrease the algal and total plant biomass of a wetland. Our results
imply that management practices that maintain the diversity of
aquatic macrophytes in wetlands, such as sustaining or restoring a
natural disturbance regime29 to prohibit exclusion of less competi-
tive species, may sustain ecosystem functioning and promote the
services of those wetlands to humans. M

Methods
Experimental design

The experiment consisted of 70 wading pools (1.5-m diameter, 0.5-m high) at the Aquatic
Ecology Research Complex in Millville, Utah, ®lled to 25 cm with local terrestrial soil.
Stream water in¯ow was 2 l h-1, with a retention time of 2 d. We planted macrophytes as
either propagules or shoots in the pools in early May 1999, with 11 individuals per square
metre and equal numbers of individuals per species. We planted 14 treatments: 5 replicates
each of 4 monocultures, 6 bicultures and 4 tricultures, representing all possible one-, two-
and three-species combinations of the four submerged aquatic macrophyte species (sago,
long-leaved, crisped and horned pondweed). In mixed communities, individuals of any
one species were never surrounded by individuals of its own species. All species are native
to the USA, except crisped pondweed, which has been naturalized in the USA for over
150 yr.

Biomass and P measurements

We harvested macrophyte shoot biomass and algal biomass (dried at 60 8C and weighed) at
the end of August. Total phosphorus was measured by autoclaving an un®ltered water
sample with a persulphate/sulphuric acid oxidant, and analysing the autoclaved sample
photometrically using the ascorbic acid method30. Competition was inferred when shoot
biomass per individual planted, or genet, was signi®cantly lower in the presence of other
macrophyte species than in monoculture.
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Sex is expensive. A population of females that reproduce asexually
should prima facie have twice the growth rate of an otherwise
equivalent anisogamous sexual population lacking paternal care,
or a population with modes of paternal care that can be co-opted
by parthenogenetic females1±6. The two leading theories for the
maintenance of sex require either synergistic interactions
between deleterious mutations, or antagonistic epistasis between
bene®cial mutations5. Current evidence is equivocal as to whether
the required levels of epistasis exist6±10. Here I show that a third
factor, differential male mating success (or, more generally, higher
variance in male than in female ®tness), can drastically reduce
mutational load in sexual populations with or without any form
of epistasis. Differential mating success has the further advantage
of being ubiquitous, and is likely to have preceded or evolved
concurrently with anisogamy11.

The idea that differential male mating success or harsher selection
on males in general may have something to do with the maintenance
of sex is not new; it dates back at least to Trivers12 (see also ref. 3).
Trivers, however, suggested that sex provided an immediate bene®t:
females choose males who would give them daughters twice as ®t as
they would obtain if they had mated randomly. If deleterious
mutations are the chief source of additive genetic variance in ®tness
then this idea is untenable as it requires mutation rates 20±100
times higher than those observed in nature. Other studies have
focused on males and their role in the reduction of mutational load
in sexual populations13±16. In particular, the argument developed in
this paper was presented by Manning16, but the analysis was
restricted to the case of a single locus. Nevertheless, probably
owing to the lack of convincing quantitative arguments, differential
male mating success has been more or less ignored in recent
discussions of the maintenance of sex3±6.

Under the well supported assumption that most deleterious
mutations are partially recessive, the genetic load (that is, propor-
tionate reduction from maximum possible ®tness), L, for large
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