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Wetlands provide many important ecosystemn services to human
society'*, which may depend on how plant diversity influences
biomass production and nutrient retention***. 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 species™”. 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 species—in 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 filter particulate phosphorus from the
water”'®"", 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
purification by retention of pollutants and sediments. These ser-
vices probably depend on how well wetlands perform certain
ecosystem functions, such as nutrient retention"*" and primary
production™™". Work in grasslands has suggested that greater plant
species richness leads to more efficient uptake of nutrients and

t greater productivity’>™'%; however, local environments in wetlands

| are typically dominated by a single vascular plant species*®. 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
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aquatic vascular plants can affect wetland biomass production and
phosphorus retention—two ecosystem processes closely related to
wetland ecosystem services'”.

We manipulated species richness of four submerged aquatic
macrophyte species, sago pondweed (Pofamogeton 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 filamentous 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 wetlands'™".
Phytoplankton were not measured owing to their relatively low
biomass compared with the biomass produced by filamentous algae.
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Figure 1 The effect of species richness on algal biomass (a), nutrient retention (b} and
above-ground macrophyte hiomass (6) (mean = 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 filamentous algae. Mutrient retention was inferred from measured
total phosphorus (P) loss from the outflow of each mesocosm. Shoat biomass is
aboveground biomass of submerged agquatic macrophytes.
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Table 1 Algal bic

and total phesphorus loss in the presence and absence of the four species of pondweed

Sago Long-leaved Crisped Hornad
Prasence Absence Presence Absence Presence Absence Presence Absence
Algal biomass [gm™) 62.0° = 10.2 95.2 * 10.5 851 + 9.7 7211186 1253 £ 7.9 319+ 6.2 70.7 = 10.5 86.8 £ 10.8
Total P loss (mg ™) 0.017 + 0.001 0.022 = 0.003 0.018 + 0.001 0.021 £ 0.003 0.016™ = 0.001 0.023 + 0.003 0.023" = 0.003 0.018 = 0.001

Walues are means + s.em, Stars inthe ‘presence’ columns indicate statistically significant diffierencas among means when a particular species is present versus when it is absent from the communities:

‘P <005 *P<0.01, " P=< 0.001.

Nutrient loss was measured as loss of total phosphorus (P) in the
outflow 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 zone'®. Total P is often
used to measure a wetland’s nutrient status and ability to retain
nutrients®™, 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. la) 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, R* = 0.04).

Greater macrophyte species richness resulted in higher algal
biomass, and thus total plant biomass, because of an indirect
‘sampling effect’'. 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 tissue™ .

Notably, this indirect sampling effect overcame an ‘inverse
sampling effect’™* of the greater chance in species mixtures that a
competitively dominant but less productive macrophyte species—
sago pondweed—could be present. The competitive dominance of
sago pondweed (Fig. 2a), as judged from its higher than expected

]
o

10 10
g +=+5ago pondweed g Long-leaved pondweed
8 I " g
7 * 7
B ! | } *} B *
5 5
o { 4 i f
o 3 - R s =T
- w1
g 2 2 ;
1 1 L]
a q 4]
sg S 8L SC SH SLC SLH SCH L SL LC LH SLC SLH LCH
c
= qp - 1.50
a2 g Crisped pondweed Hemed pondveed
g g 1.25
k=] 7
m 1.00
6 I
51 0.75
3 = 0503
2 Hwk } = *
1 i t 025 g A
0
C 8C LC CH SLC SCH LCH 0 H S8H LH CH SLH SCH LCH

Figure 2 Biomass yield (mean = 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 manocultures, 10 individuals per species in bicultures, and 7 individuals
per species in tricultures). A species experienced interspecific competition if its biomass
per genet was significantly lower (P << 0.05) in the presence of other macrophyte species
than inmoneculture. *P-<< 0.05, *P = 0.01 and ***P <2 0.001, in conirasts after analysis
of variance.
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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

sufficient to produce a sampling effect towards higher algal biomass |

(Fig. 1a) and higher plant (algal plus macrophyte) biomass.

Phosphorus loss in the outflow correlated negatively with algal |

biomass (P < 0.001, #* = 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 outflow (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 filter particulate matter from the water
rather than from uptake of available P. Sago pondweed may be
important in filtering 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 filtration of particulate phosphorus seems to be
enhanced™'""'.

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 community®’. |
Such sampling effects are sometimes construed as evidence that |
individual species, rather than species richness, influence ecosystem |
functioning”*. In our case, however, the species with the greatest |

indirect effects on algal biomass—crisped pondweed—was 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. 2¢), 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 retention—crisped pond-

weed—was not a superior competitor and would probably be |
excluded from a community because of interspecific 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 significant 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 competition®.

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 fish 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 |

NATURE |VOL 411 |7 JUNE 2001 | www.nature.com



sago pondweed. This suggests that sago pondweed may ultimately
exclude the other macrophyte species in the field, 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 regime® to prohibit exclusion of less competi-
tive species, may sustain ecosystem functioning and promote the
services of those wetlands to humans. |

Methods

Experimental design

The experiment consisted of 70 wading pools (1.5-m diameter, (1.5-m high) al the Aquatic
Ecology Research Complex in Millville, Utah, filled to 25 em with local terrestrial soil.
Stream water inflow was 21h™", 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 °C and weighed at
the end of August. Total phosphorus was measured by autoclaving an unfiltered water
sample with a persulphate/sulphuric acid oxidant, and analysing the autoclaved sample
phatometrically using the ascorbic acid method™. Competition was inferred when shoot
biomass per individual planted, or genet, was significantly lower in the presence of other
macrophyte species than in monoculture.
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