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Abstract. Rapid environmental changes have fostered debates and motivated research 
on how to effectively preserve or restore ecosystem processes. One such debate deals with 
the effects of biodiversity, and the loss thereof, on ecosystem processes. Recent studies 
demonstrate that resource-use complementarity, now known as the "niche-differentiation 
effect," and the presence of a competitive species with strong effects on ecasystem pro- 
cesses, now known as the "sampling effect," can explain why productivity and nutrient 
retention are sometimes enhanced with increasing species richness. In a well-replicated 
outdoor mesocosm experiment, we tested these and other alternative mechanisms that could 
explain the effects of submersed aquatic plant (macrophyte) diversity on wetland ecosystem 
processes. Algal biomass increased and phosphorus loss decreased as species richness 
increased. This result can best be explained by an indirect sampling effect caused by one 
of the weakest competitors, which appeared to facilitate algal growth and thereby filtering 
of particles, and thus phosphorus, from the water column. The dominant competitor also 
appeared to decrease phosphorus loss through direct effects on phosphorus availability in 
the soil and water. Thus, the effects by one of the weakest and the most dominant competitors 
combine to produce a diversity effect on phosphorus loss. Macrophyte biomass was not 
enhanced, but converged toward the intermediate biomass of the most competitive species. 
Such an "inverse sampling effect" may be produced when the most competitive species 
is not the most productive species owing to species-specific feedbacks and adaptations to 
the wetland environment. In summary, we reject the niche-differentiation effect as the 
dominant mechanism in our macrophyte communities and expand on the role of sampling 
effects in explaining the relationship between plant communities and ecosystem processes. 
In particular, indirect and inverse sampling effects combine to drive the relationship between 
species richness and wetland ecosystem processes. Thus, we demonstrate that plant diversity 
may affect wetland ecosystem processes when inferior competitors drive system produc- 
tivity and nutrient retention. To ensure coexistence of such species with superior compet- 
itors, wetland systems may need to be maintained in a nonequilibrium state, such as with 
hydrologic disturbances, which would maintain both higher diversity and enhance ecosys- 
tem functioning. 

Key words: algal colonization; competitive a b i l i ~ ;  diversin; ecosystem functioning; indirect 
sampling effect; inverse sampling effect; nutrient retention; product iv i~;  sampling effect; submersed 
aquatic macrophytes; wetland. 
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FIG. 1. Four alternative hypotheses explaining the rela- 
tionship (mean and variance) between species richness and 
ecosystem functioning. 

ability effect (Loreau 2000, Loreau and Hector 2001, 
the inverse sampling effect (Loreau 2000, Troumbis et 
al. 2000, Engelhardt and Ritchie 2001), and the indirect 
sampling effect (Engelhardt and Ritchie 2001), which 
all have distinctive variance patterns when plotting spe- 
cies richness versus ecosystem functioning (Fig. 1). A 
fifth "null" hypothesis explains that biodiversity 
should not affect ecosystem functioning when species 
do not interact. We call this hypothesis the "averaging 
effect" because ecosystem processes in mixed culture 
should reflect the average of processes in monocultures. 

A niche-differentiation effect (Fig. 1) may develop 
when species within a community use resources in 
complementary ways (Trenbath 1974, Hooper 1998), 
i.e., a greater number of functionally different species 
can occupy more niches in the environment and thereby 
use a greater proportion of available resources. While 
the mean of an ecosystem process is often significantly 
correlated with species richness, e.g., productivity may 
increase significantly with increasing species richness, 
the variance is not because lower and upper bounds of 
the ecosystem process covary with species richness. 
This distinctive niche-differentiation pattern is pro- 
duced because species are released from intraspecific 
competition and perform better in mixed culture. Thus, 

monocultures of two species A and B are never as 
productive as a bicultdre of the two species, bicultures 
of A and B are never as productive as a triculture of 
A, B, and a third species, etc. For example, Tilman et 
al. (1997~)  found that the number of functionally dif- 
ferent grassland-savanna species (e.g., legumes, C, 
grasses, C, grasses) were more important in enhancing 
system productivity than total number of species ir- 
respective of their functional traits, suggesting that re- 
source use complementarity was important in enhanc- 
ing ecosystem processes in this system. Hooper (1998) 
also observed complementary resource use among 
some of his four functional groups of grassland plants 
owing to temporal rather than spatial partitioning of 
resources. 

An alternative hypothesis, called the "sampling ef- 
fect" (Fig. l) ,  is a result of exploitation competition 
and suggests that higher diversity increases the prob- 
ability that a superior resource competitor is present in 
the community. Such species generally utilize a greater 
proportion of resources and thereby increase resource 
utilization and total community productivity (Tilman 
et al. 1997b). Thus, as diversity increases one should 
expect an increase in productivity and nutrient reten- 
tion, because the chance of sampling a strong com- 
petitor for resources with strong effects on ecosystem 
processes increases in species rich communities. Un- 
like the niche-differentiation effect, the mean of eco- 
system processes increases and the variance decreases 
with species richness while the upper bound of an eco- 
system process remains constant, i.e., the more diverse 
communities are not more productive or retain more 
nutrients than any of the monocultures. This pattern is 
produced because the competitive species in mixed cul- 
ture is expected to use the resources as completely and 
be as productive as in monoculture (Tilman 1999). 
Thus, the sampling effect suggests that only the most 
competitive species drives ecosystem processes, which 
has recently been construed as evidence that the sam- 
pling effect is only a species effect (Huston 1997, War- 
dle 1999), rather than a diversity effect as well. In other 
words, to conserve certain ecosystem processes, only 
the competitive species with strong effects on ecosys- 
tem processes would have to be conserved rather than 
species diversity. 

When interference competition is strong or when 
trade-offs exist between a species' competitive ability 
for resources and a species' resource-use efficiency 
(Loreau 2000), an "inverse sampling effect" (Fig. 1) 
may develop, which is a pattern driven by competitive 
species that do not necessarily have the strongest ef- 
fects on ecosystem processes. In the case of the inverse 
sampling effect, the variance of an ecosystem process 
still decreases with increasing species richness, which 
is a trademark of all sampling effects, but the mean 
may not necessarily be correlated with increasing spe- 
cies richness (Fig. 1). For example, Hooper and Vi- 
tousek (1997) and Troumbis et al. (2000) observed that 
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yield of some grassland functional groups and species, 
respectively, was reduced in high-diversity mixtures 
relative to low-diversity treatments. 

An "indirect sampling effect" (Fig. 1) is a result of 
facilitation among species and may develop when the 
manipulated species in a biodiversity experiment sup- 
port other species in the same or different trophic level 
or functional group. If so, ecosystem functioning is not 
only directly determined by the manipulated species, 
but also indirectly influenced by unmanipulated spe- 
cies. Such is the case in submersed aquatic plant com- 
munities, where some species facilitate colonization by 
algae more than others do (Engelhardt 2000). This fa- 
cilitation can lead to greater overall ecosystem pro- 
ductivity and greater nutrient retention by the system 
because algae can be highly productive and filter nu- 
trients bound up in particulates (Mitsch et al. 1995, Wu 
and Mitsch 1998). 

In this paper, we explore the mechanisms by which 
aquatic macrophyte communities affect productivity 
and nutrient retention. Wetlands are well known for 
their high productivity and their ability to purify water 
by retaining potentially polluting nutrients (Mitsch et 
al. 1995, Wilson and Carpenter 1999). One ecosystem 
attribute that may affect wetland ecosystem processes 
and associated services could be the diversity of aquatic 
plant communities. However, rooted submersed aquatic 
plant "macrophyte" biodiversity may not ubiquitously 
enhance productivity and nutrient retention because 
competition among macrophyte species is typically 
strong (Moen and Cohen 1989, McCreary 1991, Gopal 
and Goel 1993), often resulting in local dominance of 
one or a few species and obvious zonation patterns 
along environmental gradients (Spence 1982, Mc-
Creary 1991). One should therefore expect sampling 
effects to dominate the relationship between aquatic 
plant species richness and ecosystem functioning. Sub- 
mersed aquatic macrophytes are also known to be a 
morphologically and functionally diverse group of spe- 
cies (Sculthorpe 1967) such that we might expect a 
niche-differentiation effect. Here we explore the var- 
iance patterns described in previous paragraphs and 
identify mechanisms of submersed aquatic plant spe- 
cies interactions that would produce these patterns. 
Such a study is best designed as a mesocosm experi- 
ment because mesocosms allow replication of inde- 
pendent experimental units and complete control of 
environmental conditions, allowing identification of 
general ecological relationships and mechanisms of 
species interactions. However, extrapolation of results 
to natural systems is inherently difficult and should 
only be attempted with care. We created all possible 
combinations (one-, two-, and three-species commu-
nities) of four macrophyte species dominant in Utah 
wetlands, which allowed us to separate the effects of 
species richness vs. individual species on productivity 
and nutrient loss. Tricultures were considered species 
rich compared to species richness of naturally occur- 

ring submersed aquatic plant communities in Utah wet- 
lands. The monoculture treatments were used to iden- 
tify the effects of every species on the environment, 
whereas the biculture treatments identified relative 
competitive effectlresponse of each species. 

Experimental design 

The study consisted of a controlled and replicated 
outdoor experiment that was conducted at the Aquatic 
Ecology Research Complex at Utah State ~ n i v k r s i t y  
in Logan, Utah (41'39' N, 11 1°49' W). We filled 75 
wading pools (1.5 m diameter, 0.5 m high) 15 cm deep 
with local topsoil (silty loam). Terrestrial soil was used 
to minimize seeds in the soil adapted to saturated en- 
vironments. This was done to minimize weeding effort 
and possible experimenter-caused disturbances from 
weeding. We attached a drip irrigation system to a 
source of stream water derived from snowmelt from 
the Wasatch Mountains in Utah, which ensured that 
inflow (2 Llh) exceeded evaporation rates even during 
the hottest time of the season. This created a flow- 
through system with a mean water retention time of 
-2 d. Creating a flow-through system was critical in 
flushing the systems from excess minerals; otherwise 
the systems would have become increasingly brackish 
as the season progressed. The hydrology of the exper- 
imental mesocosms also most closely resembled the 
hydrology of freshwater marshes in Utah, which is one 
of the most critical concerns in reconstructing func- 
tioning wetlands for mitigation purposes (Bedford 
1996, Shaffer et al. 1999) as well as for experimental 
purposes. 

The concentration of nutrients in the inflow was the 
same for all mesocosms, but varied during the growing 
season owing to the natural variability of nutrients in 
the stream water used for the experiment. Nitrogen in 
the inflow varied from 0.4 to 0.8 mg/L and was lowest 
at the beginning and end of the growing season. Ni- 
trogen in the soil pore water (measured in unplanted 
mesocosms) on the other hand ranged from 0.05 mgl 
L at the beginning and end of the experiment to 0.3 
mg/L in July. Phosphorus concentration in the inflow 
was barely detectable (0.008 mg1L) throughout the 
growing season, whereas soil pore phosphorus con-
centrations ranged between 0.1 and 0.2 mg/L (Engel- 
hardt 2000). 

We chose four species of submersed aquatic mac- 
rophytes, Potamogeton pectinatus L., P. nodosus Poir., 
P. crispus L., and Zannichellia palustris L., for this 
study that are distributed worldwide, are native to the 
USA (except P. crispus which is a naturalized non- 
native), are abundant in freshwater wetlands, ponds, 
and slow-flowing streams near the Great Salt Lake, 
Utah, and can be easily cultivated from vegetative 
propagules or plant fragments. The four species exist 
as monocultures or form distinct monospecific zones 
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in wetlands and shallow lakes of Utah. However, in 
other parts of the USA, some of the species appear to 
coexist in mixed stands, especially P. nodosus and P. 
crispus (K. Engelhardt, personal observation). The spe- 
cies are morphologically different, which allows them 
to access and use resources in different ways. For ex- 
ample, P. pectinatus and Z. palustris have a filiform 
leaf morphology, whereas P. nodosus and P. crispus 
have broader leaves. Potamogeton pectinatus, P. cris- 
pus, and Z. palustris are completely submerged, where- 
as P. rzodosus has predominantly floating leaves. Po-  
tamogeton pectinatus and P. nodosus produce a high 
root biomass, a high root-to-shoot ratio, and are rooted 
deeply in the soil. Potamogetorz crispus and Z. pal-
ustris, on the other hand, produce a low root biomass 
and have a shallow root system. Potamogeton pectin- 
atus and P. crispus can use bicarbonate when free C 0 2  
in the water is limiting, whereas P. nodosus has access 
to atmospheric COP By choosing morphologically dis- 
similar species with different effects on resources, we 
were effectively manipulating species richness and 
functional diversity at the same time, thereby pre- 
venting or minimizing any confounding effects be- 
tween species richness and functional group richness 
(Vitousek and Hooper 1993, Hooper and Vitousek 
1997, 1998, Huston 1997, Tilman et al. 1997a, Naeem 
and Li 1998). Choosing dissimilar species also allowed 
us to understand the diversity of species traits (Engel- 
hardt 2000) that may produce complementary inter- 
actions among species, as well as competitive inter- 
actions that may prevent complementarity of resource 
use (Engelhardt and Ritchie 2001). 

We planted vegetative propagules (P. pectinatus) or 
apical stems of established plants (P. nodbsus, P. cris- 
pus, and Z. palustris) rather than seeds because the 
percentage of seed germination is generally low in pe- 
rennial submersed aquatic plants (Sculthorpe 1967). 
Potamogeton pectinatus tubers were bought from a 
nursery and planted 3 cm deep in the sediment. Healthy 
stems of the other three species were harvested in the 
field and planted such that at least two nodes were 
planted in the sediment. All shoots were of similar 
length and all tubers were of similar size. 

In early May 1999, we planted monocultures of the 
species (four treatments), all possible biculture com- 
binations (six treatments), and all possible triculture 
combinations (four treatments) in a full-factorial de- 
sign. A treatment without any plants was also created 
at the same time. A four-species mixture was not plant- 
ed because we wanted to test not only for diversity 
effects but also for species effects on ecosystem pro- 
cesses. This can only be achieved by creating diversity 
treatments in which each species is present or absent; 
however, all species would have been present in a four- 
species treatment. Furthermore, submersed aquatic 
plant communities generally occur as monocultures and 
bicultures; thus, tricultures in our experiment were al- 
ready species rich compared to what is normally ob- 

served in nature. A full-factorial design such as ours 
is ideal in separating richness and species effects. How- 
ever, such a design is only feasible in systems such as 
ours where species richness is typically low. 

Five replicates of each community treatment were 
established, and community treatments were assigned 
randomly to each mesocosm. Every pool received 11 
individualslm2 with an equal number of individuals as- 
signed to each species, analogous to a replacement- 
series design (de Wit and van den Bergh 1965). Even 
though replacement-series designs have been criticized 
for keeping planting density constant (Inouye and 
Schaffer 1981, Connolly 1986, Taylor and Aarsen 
1989), constant density among diversity treatments and 
equal numbers of individuals per species within a di- 
versity treatment allows calculation of relative yields 
per species (Hooper 1998) and thereby provides a mea- 
sure of the relative strength of intraspecific vs. inter- 
specific competition. Thus, using a replacement series 
design allows identification of complementarity among 
species (intraspecific competition > interspecific com- 
petition) and relative competitive superiority or infe- 
riority of each species. Templates were used for plant- 
ing to ensure consistent densities and spacing per pool. 
Bi- and tricultures were planted such that any one spe- 
cies was never surrounded by individuals of its own 
species. 

Response variables 

We measured above- and belowground biomass of 
the four macrophytes and periphyton biomass at the 
end of the growing season in mid-August to measure 
system productivity and colonization success by algae. 
Nitrogen and phosphorus concentration in the outflow 
of all mesocosms was measured to understand how the 
different community and diversity treatments could re- 
tain nutrients relative to each other and relative to an 
unplanted mesocosm. 

From here on, we use "shoot biomass" to refer to 
aboveground biomass and "root biomass" to refer to 
belowground biomass of macrophytes, including roots, 
rhizomes, and vegetative propagules. Shoot and root 
biomass were summed to calculate total macrophyte 
biomass, from now on referred to as "total biomass." 
Shoot biomass was measured by clipping all above- 
ground vegetation in each mesocosm at the soil surface, 
separating the vegetation by species, drying the sam- 
ples at 6OoC for 48 h, and weighing the dried samples. 
Root biomass was measured by extracting three sedi- 
ment cores (4.4 cm diameter) to the bottom of each 
mesocosm, pooling the sediment cores from each me- 
socosm and carefully washing the samples through a 
270-mesh sieve (53-km openings), drying the roots at 
60°C overnight, and weighing the dried samples. 

Colonization success by algae was measured as pe- 
riphyton biomass, which is primarily composed of fil- 
amentous algae (dominated by Cladophora and Spi- 
rogyra), but also attached detritus, particulate organic 
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carbon, bacteria, fungi, and microbes. Because the al- 
gae were the dominant component of the periphyton, 
we refer to periphyton from now on as "algae." Algal 
biomass was measured by removing filamentous algae 
mats within each mesocosm by hand, drying the sam- 
ples at 60°C for 48 h, and weighing the samples. Phy- 
toplankton were not measured for logistical reasons and 
because most algae appeared to be present as filamen- 
tous algae. 

Loss of total and reactive phosphorus, nitrate, and 
ammonia from each mesocosm was measured in the 
outflow of all mesocosms, and was therefore a direct 
measurement of a system's ability to retain nutrients, 
i.e., the greater the export the lower the nutrient reten- 
tion of the system. Reduction-oxidation (redox) poten- 
tial was also measured in the root rhizosphere at 1 cm 
above, 1 cm below, and 5 cm below the soil surface 
to measure a species' potential to sequester phosphorus 
in the soil due to oxygen release and the formation of 
phosphorus precipitates (Jaynes and Carpenter 1986, 
Barko et al. 1991). Redox was measured using platinum 
electrodes that were permanently placed in the soil to 
circumvent accidental oxygen introduction during mea- 
surements. Probes were attached to dataloggers (Camp- 
bell Scientific, Logan, Utah, USA). Total phosphorus 
represents phosphorus bound up in particulate matter 
and phosphorus available for plant uptake (reactive 
phosphorus), and is often measured in wetland studies 
to indicate a wetland's nutrient status and a wetland's 
ability to retain potentially polluting nutrients (Carlson 
1977, Mitsch et al. 1995). Because total phosphorus 
includes phosphorus bound up in particulate matter, a 
wetland's ability to physically filter the water is as, if 
not more, important in retaining total phosphorus than 
a plant communities ability to absorb available phos- 
phorus (Wetzel 1990, Mitsch et al. 1995, Wu and 
Mitsch 1998). Total phosphorus was measured by au- 
toclaving an unfiltered water sample with a persulfate1 
sulfuric acid oxidant and analyzing the autoclaved sam- 
ple photometrically using the ascorbic acid method 
(Wetzel and Likens 1991). Samples for reactive phos- 
phorus and nitrogen analyses were filtered immediately 
after sample collection through 0.45-p+m pore filters. 
The samples were then analyzed photometrically for 
phosphate (ascorbic acid method), nitrate (cadmium re- 
duction method), and ammonia (phenol-hypochlorite 
method; Wetzel and Likens 199 1). Phosphate samples 
were analyzed within 5 h of sampling. Water samples 
were stored at 4OC for 4 mo before being analyzed for 
nitrogen. We summed nitrate and ammonia N concen- 
trations to obtain a total N concentration owing to po- 
tential changes in oxidation states during transport and 
storage. 

Complementarity and competitive ability 

We measured relative yield (RY) and relative yield 
totals (RYT) to identify superior and inferior compet- 
itors and the degree of complementarity among species 

(Harper 1977, Hector 1998, Hooper 1998). Competitive 
ability was calculated for each species by comparing 
biomass of each species in mixed culture to monocul- 
tures of each species. A species overyields in mixed 
culture when the biomass of that species in mixed cul- 
ture is greater than in monoculture. Likewise, a species 
underyields when biomass in mixed culture is lower 
than in monoculture. Here, interspecific competition is 
greater than intraspecific competition and the species 
is an inferior competitor. Species are assumed to be 
complementary when intraspecific competition is equal 
or greater than interspecific competition such that more 
biomass is produced and more nutrients are used in 
mixed culture than in monoculture. 

RY and RYT were calculated on shoot and total mac- 
rophyte (shoot + root) biomass. Calculation of RY and 
RYT requires calculating biomass per species in mix- 
ture, which is easy for shoot biomass. However, roots 
of each species are hard to distinguish in mixed culture 
and were therefore not separated by species. We esti- 
mated root biomass of each species from the measured 
shoot biomass of each species in mixture and root-to- 
shoot ratios of each species in monocultures, and con- 
straining this estimate with the actual root-to-shoot ra- 
tios calculated in the entire mixtures (see Hooper 
1998). The root estimation method assumes that root- 
to-shoot ratios are not phenotypically plastic and, thus, 
do not respond phenotypically to interspecific com-
petition (Hooper 1998). 

RY was calculated by dividing biomass of a species 
in mixture by biomass of the same species in mono- 
culture after standardizing for differences in the num- 
ber of individuals planted per species in monoculture 
vs. mixed culture. For example, biomass in monocul- 
ture was divided by three when comparing the mono- 
culture to a three-species mixture, and by two when a 
monoculture was compared to a two-species mixture. 
A species overyields in mixed culture when RY > 1 
and underyields when RY < 1. Intraspecific compe- 
tition is equal to interspecific competition or species 
do not interact when RY = 1. 

RYT was determined by calculating the mean of all 
RYs. When RYT > 1, then species are complementary 
when their individual RYs are >1. In this case, a niche- 
differentiation effect is produced. In all other cases, a 
sampling effect is produced by the more competitive 
species, or an "averaging effect" is produced in the 
absence of interspecific competition. The averaging ef- 
fect will result in RYT = 1, whereas the sampling effect 
may result in RYT greater than, less than, or equal to 
1, depending on the effects of the most competitive 
species on community productivity. 

Statistical analyses 

All analyses of variance (ANOVA) and regressions 
were performed in SAS (1996). To satisfy ANOVA 
model assumptions, we log transformed some of the 
variables to normalize the data. 
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One-way ANOVAs tested for differences in total 
macrophyte biomass, algal biomass, and nutrient loss 
among the 14 community treatments, and for differ- 
ences among means when a species was present com- 
pared to when it was absent from communities. Linear 
regression models were used to identify correlations 
between diversity and the response variables (shoot and 
total biomass, algal biomass, and nutrient loss), which 
was a more appropriate analysis to test the alternative 
hypotheses explained in the introduction than ANOVA. 
Simple linear regression was used to test for a slope 
significantly greater or less than 0. The correlation co- 
efficient ( r )  is less important in the analysis owing to 
the variability of the dataset inherent to the study of 
diversity effects on ecosystem processes. A diversity 
effect, or a lack thereof, may be the result of the pres- 
ence or absence of the four species. Thus, multiple 
linear regression tested for the effect of each individual 
species (presence vs. absence in a community) on the 
slope of the species richness-response variable (shoot, 
total and algal biomass, and total phosphorus loss) re- 
lationship. 

We constructed 95%, 99%, and 99.9% confidence 
intervals around RYs and RYTs using standard errors 
of the treatment means to test whether RYs and RYTs 
were significantly different from one. Confidence in- 
tervals were one sided, i.e., a lower confidence interval 
was calculated when RYs and RYTs were greater than 
1, and an upper confidence interval was calculated 
when RYs and RYTs < 1. 

Strong differences in biomass production and nutri- 
ent retention emerged by the end of the season among 
the 14 community treatments. Aboveground (shoot), 
belowground (root), and total macrophyte biomass 
were significantly different among the four species 
(Fig. 2a; ANOVA, df = 13,56, P < 0.001 all variables), 
where P. crispus produced the highest shoot biomass 
but the lowest root biomass, and P. nodosus produced 
the highest root and total biomass. Potamogeton pec- 
tinatus was intermediate in shoot, root, and total bio- 
mass production, and 2. palustris produced the least 
amount of shoot and total biomass. Belowground tubers 
were produced only by P. pectinatus and P. nodosus, 
where tuber biomass represented -55% (50.06%) of 
root biomass in P. pectinatus monocultures and 
-0.23% (+0.08%) in P. nodosus monocultures. 

Algal biomass sometimes exceeded macrophyte 
shoot biomass and was significantly different among 
community treatments (Fig. 2b; ANOVA, df = 13, 56, 
P < 0.001). Algal colonization in P. nodosus and P. 
crispus monocultures exceeded algal colonization into 
unplanted (bare) mesocosms, whereas algal coloniza- 
tion was significantly reduced in P. pectinatus and 
somewhat in 2. palustris mesocosms (Fig. 2b). 

Total phosphorus loss was significantly different 
among community treatments (Fig. 2c; ANOVA, df = 

. . 
PC %I' %p 211 

Community treatment 

FIG. 2. (a) Macrophyte biomass, (b) algal biomass, and 
(c) total phosphorus loss in the 14 community treatments, 
including an unplanted treatment (bare). Species abbrevia- 
tions are: Pp, Potamogeton pectinatus; Pn, Potamogeton no- 
dosus; PC, Potamogeton crispus; and Zp, Zannichellia pal- 
ustris. ANOVA tested for significant differences among treat- 
ment means, excluding the unplanted treatment. Values are 
means + 1 SE. 

13, 56, P < 0.001), where mesocosms with P. crispus 
appeared to reduce total phosphorus loss the most. Me- 
socosms with all species besides Z. palustris mono- 
cultures significantly reduced total phosphorus loss 
compared to the unplanted treatment. In contrast to 
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TABLE1. Means and standard errors of shoot, total, and algal biomass (g/m2) and total phosphorus loss (mg/L) in the 
presence and absence of the four species. 

P. pectinatus 

Parameter Presence Absence 

Shoot biomass 63.3 + 3.7 57.7 i 5.2 
Total biomass 142.4 t 9.2* 109.0 2 10.1 
Algal biomass 62.0 + 10.2* 95.2 i 10.5 
Total P loss 0.017 -+ 0.001 0.022 -+ 0.003 

P. nodosus 

Presence Absence 

59.6 i 3.6 61.3 2 5.3 
144.6 2 8.8** 106.8 i 10.2 
85.1 i 9.7 72.1 + 11.6 

0.018 2 0.001 0.021 t 0.003 

Notes: Values are means t 1 SE. Asterisks in the "presence" columns indicate statistically significant differences among 
means when a particular species is present vs. when it is absent from communities: * P < 0.05; * *  P < 0.01; *** P < 0.001. 

ments, except for the treatment in which P. crispus was 
absent. 

Species richness did not influence reactive phospho- 
rus and nitrogen losses from mesocosms (simple linear 
regression, df = 1, 68, P = 0.67, 0.39, respectively); 
however, mean total phosphorus loss was decreased by 
-25% in three-species communities (Fig. 4b; simple 
linear regression, df = 1, 68, P = 0.04). Variance sig- 
nificantly decreased with increasing species richness 
(Bartlett's test, df = 2, x 2  = 20.2, P < 0.001). Total 
phosphorus loss was directly correlated with total plant 
biomass (macrophyte + algae) in the water column 
(Pearsson correlation coefficient; r = 0.55, P < 0.001). 

Effects of individual species on ecosystem processes 

To explain the effects of biodiversity on ecosystem 
functioning, we need to understand the effects of in- 
dividual species on ecosystem processes as well. We 
used multiple linear regression to identify how the pres- 
encelabsence of the four species contribute to the re- 
lationship between species richness and macrophyte 
biomass, algal biomass, and total phosphorus loss. 

Shoot biomass was 30% lower in communities with 
Z. palustris present than when the species was absent 
(Table 1; ANOVA, df = 1, 68, P < 0.001). When 
accounting for this effect on shoot biomass in a mul- 
tiple linear regression (Table 2), the overall model be- 
came significant ( P  < 0.0025) although the slope was 
not significantly different from zero (Table 2). In con- 
trast, when simultaneously accounting for the effects 
of P. pectinatus, P. crispus, and P. nodosus on shoot 
biomass in a multiple linear regression, the overall 
model became significant ( P  = 0.01), the three species 
parameters were significant ( P  = 0.004, 0.002, 0.03, 
respectively) and the slope of species richness became 
significantly negative ( P  = 0.0015). 

Total macrophyte biomass was 25% higher when P. 
pectinatus or P. nodosus were present in the community 
(Table 1; ANOVA, df = 1, 68, P = 0.02, 0.01, re- 
spectively) whereas total biomass was reduced by 25% 
when P. crispus or Z. palustris were present in a com- 
munity (Table 1; ANOVA, df = 1, 68, P = 0.01,0.004, 
respectively). When accounting for these significant 
species effects individually in a multiple linear re-
gression (Table 3), the overall models became signif- 
icant. However, the slope of the richness parameter was 

never significantly different from G (Table 3). However, 
when accounting for P. pectinatus and P. nodosus si-
multaneously, the overall model was significant ( P  < 
0.001), the two parameter estimates were significant ( P  
< 0.001), and the slope of species richness became 
significantly negative ( P  < 0.001). On the other hand, 
when accounting for the effects of P. crispus and Z. 
palustris simultaneously, the model also became sig- 
nificant, the species parameters were significant ( P  < 
0.001) and the slope of species richness became sig- 
nificantly positive ( P  = 0.002). 

Algal biomass was 75% lower when P. crispus was 
absent in the community (Table 1; ANOVA, df = 1, 
68, P < 0.001), whereas the presence of P. pectinatus 
reduced production of algal biomass by 35% (Table 1; 
ANOVA, df = 1, 68, P = 0.03). When accounting for 
the effects of P. crispus in a multiple linear regression 
(Table 4), algal biomass did not increase with increas- 
ing species richness ( P  = 0.78). When accounting for 
the effects of either of the other three species on algal 
production in a multiple linear regression (Table 4), 
algal biomass significantly increased with species rich- 
ness. 

Total phosphorus losses were reduced by 33% when 
P. crispus was present in the community compared to 
when it was absent (Table 1; ANOVA, df = 1, 68, P 
= 0.01). When the effect of P. crispus on phosphorus 
loss was accounted for in a multiple linear regression 
(Table 5), phosphorus loss did not significantly de- 
crease with increasing species richness (df = 4, 65, P 
= 0.24). Phosphorus loss was 29% higher in com-
munities with Z. palustris present (Table 1; ANOVA, 
df = 1, 68, P = 0.04). When accounting for the effects 
of Z. palustris on phosphorus loss in a multiple linear 
regression (Table 5), phosphorus loss from the meso- 
cosms decreased even more with increasing species 
richness (df = 4, 65, P < 0.002). 

Species complementarity: relative yield totals 

Species are complementary when interspecific com- 
petition is weaker than intraspecific competition; i.e., 
they produce more biomass and overyield in mixed 
culture than in monoculture. If so, relative yield totals 
(RYT) should be greater than one, and at least two 
species yield as much or more biomass in mixed culture 
than in monoculture (RY m 1). This only appears to 
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TABLE1. Extended. 

P. crispus Z. palustris 

Presence Absence Presence Absence 

be the case unambiguously for shoot biomass in the P. 
crispuslZ. palustris biculture treatment (Table 6 ) .  

Competitive a b i l i ~ :  relative yields 

All species showed significant changes in shoot and 
total biomass in mixed culture compared to yield in 
monoculture. Potamogeton pectinatus overyielded in 
all mixed cultures (Tables 6 ,  7 ) .  Potamogeton nodosus 
and P. crispus underyielded when grown with P. pec- 
tinatus but did not show significant changes in yield 
when grown with the other two species (Tables 6 ,  7 ) .  
Zannichellia palustris overyielded when grown with P. 
crispus in biculture and underyielded otherwise (Tables 
6 ,  7 ) .  These results indicate that interspecific compe- 
tition is strong among all species pairs except between 
P. crispus and P. nodosus, and between P. crispus and 
Z. palustris. 

Here we explore alternative hypotheses that describe 
how and explain why submersed macrophyte species 
richness may or may not affect wetland ecosystem 
functioning, in particular plant biomass production and 
nutrient retention. Similar to other studies conducted 
primarily in grassland systems, we expected to find 
niche-differentiation and sampling effects driven by the 
relative strengths of inter- and intraspecific competition 
and species traits. While the results suggest strong com- 
petitive interactions among most species, resulting in 
sampling effect patterns, our exploration of the various 
patterns shed new light on the role of sampling effects 
in the relationship between species richness and eco- 
system functioning. In particular, we found that two 
distinct sampling effects produced by a strong and a 
weak competitor combine to produce a diversity effect. 

Even though the four macrophyte species were, in 
general, different in their use of space and nutrients in 
the soil and water (Engelhardt 2000) and, thus, could 
have been complementary in their use of resources, 
shoot and total biomass were not enhanced by increas- 
ing species richness (Fig. 3), contrary to a niche-dif- 
ferentiation effect. Species complementarity can only 
translate into a niche-differentiation effect when spe- 
cies interact in ways that enhance coexistence and 
thereby diversity (Tilman et al. 1997b), i.e., interspe- 
cific competition is weaker than intraspecific compe- 
tition. This may be the case for shoot biomass in P. 
crispuslZ. palustris bicultures (Table 6 )  and partially 
for total biomass in P. pectinatuslP. nodosuslZ. pal- 
ustris tricultures (Table 7 ) .However, relative yields of 
the four species in two- and three-species combinations 
(Tables 6 ,  7) show that interspecific competition was 
generally strong. An averaging effect on species' 
growth rates and biomass yields in the absence of com- 
petition is therefore unlikely, except maybe in P. no- 
dosuslP. crispus and P. crispuslZ. palustris bicultures. 
However, this result cannot be reliably distinguished 
from a situation where the strength of intraspecific 
competition is approximately equal to interspecific 
competition. 

When species interact, the dominant species should 
usually have the greatest effects on ecosystem pro- 
cesses (Power et al. 1996) because a competitively su- 
perior species typically can deplete resources to lower 
levels (Tilman 1982) and is therefore generally more 
productive (Tilman et al. 1997b). Thus, one sampling 
effect assumption is that superior competitors have the 
strongest effects on ecosystem processes. Our findings, 
however, suggest that a sampling effect may not nec- 
essarily result in enhanced ecosystem functioning when 

TABLE 2. Effect of species richness alone (simple linear regression), and species richness 
when accounting for the effects of individual species on shoot biomass (multiple linear 
regressions). 

Species 
Overall model presencelabsence Species richness 

Factor Intercept P value R2 Slope P value Slope P value 

Richness 68.5 0.35 0.00 NA N A  -4.01 0.35 
P. pectinarus 68.5 0.26 0.01 +9.21 0.18 -6.31 0.17 
P. nodosus 68.5 0.64 0.00 +0.71 0.92 -4.19 0.37 
P. crispus 68.5 0.13 0.03 + 12.28 0.07 -7.08 0.12 
Z. palusfris 68.5 0.0025 0.14 -22.21 <0.001 +1.54 0.72 

Nore: NA indicates that the statistical analysis does not apply to this factor. 
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TABLE 3. Effect of species richness alone (simple linear regression), and species richness 
when accounting for the effects of individual species on total biomass (multiple linear re- 
gressions). 

Species 
Overall model presencelabsence Species richness 

Factor Intercept P value R2 Slope P value Slope P value 

Richness 130.6 0.79 0.00 NA NA -2.46 0.79 
P. pectinatus 130.6 0.03 0.08 +40.55 0.007 - 12.60 0.20 
P. nodosus 130.6 0.009 0.1 1 +45.81 0.002 -13.91 0.15 
P. crispus 130.6 0.02 0.08 -41.94 0.005 +8.03 0.41 
Z palusrris 130.6 0.01 0.10 -44.43 0.003 +8.65 0.37 

Nore: N A  indicates that the statistical analysis does not apply to this factor. 

the best competitors are not the species with the stron- 
gest effects on ecosystem processes. Such is the case 
for P. pectinatus, which clearly dominated in compe- 
tition, i.e., it overyielded in all mixed cultures and was 
associated with significant underyielding by the other 
species; however, P. pectinatus in monoculture was not 
the most productive species above- or belowground 
(Fig. 2) and it significantly decreased biomass yield of 
species that were as or more productive in monoculture 
(P. crispus and P. nodosus for shoot biomass and P. 
nodosus for total biomass). On the other hand, Z. pal-
ustris produced the least biomass (Fig. 2) and was not 
a strong competitor (Tables 6, 7), explaining why the 
lower bound of shoot and total biomass increased with 
species richness (Fig. 3, Tables 2, 3); i.e., the biomass 
increased as more productive and more competitive 
species were added to a community, which is a pattern 
consistent with a sampling effect (Fig. 1). These results 
agree with empirical observations in Greek (Troumbis 
et al. 2000) and Californian (Hooper 1998) grasslands, 
where some monocultures and low diversity mixtures 
outperformed high diversity assemblages. Loreau 
(2000) hypothesized that these inverse sampling effects 
may be possible if ecosystem processes are negatively 
correlated with competitive ability of a species. Such 
a correlation may, for example, occur when interfer- 
ence competition is strong or when trade-offs exist be- 
tween a species' competitive ability for resources and 
a species' resource-use efficiency (Loreau 2000). 

In our case, the superior competitive ability of P. 
pectinatus was not related to its ability to exploit re- 

sources (light and nutrients), but appeared to be related 
to its ability to change environmental conditions, such 
as water and soil pH (Engelhardt 2000), which appar- 
ently changed the outcome of exploitation competition 
by affecting resource availability and supply rates to 
competitors without directly depleting the resources 
(Engelhardt and Ritchie 2001). This is a common phe- 
nomenon in wetland systems, where species need to 
ameliorate adverse environmental conditions, such as 
low 0, supply, to gain access to nutrient resources. 
Physiological adaptations to the wetland environment 
may allow species to access limiting resources; how- 
ever, resource acquisition in wetland plants is likely to 
be associated with a substantial energetic cost that 
could reduce the growth rate of a species. In fact, other 
studies show that productivity of P. pectinatus is low 
relative to other species, even though it is generally 
considered a competitively dominant species in many 
environments (Kantrud 1990). Thus, P. pectinatus is a 
superior competitor but not the most productive spe- 
cies, thereby decreasing community biomass when it 
is present in a community. 

Sampling effects are typically observed in commu- 
nities where interspecific competition is greater than 
intraspecific competition and the best competitor drives 
the flow of energy and matter through a system. How- 
ever, this study demonstrates that ecosystem processes 
can be enhanced by one of the least competitive spe- 
cies, P. crispus, which significantly underyielded in 
most mixed cultures (Tables 6, 7) and produced an 
indirect sampling effect towards higher algal coloni- 

TABLE 4. Effect of species richness alone (simple linear regression), and species richness 
when accounting for the effects of individual species on algal biomass (multiple linear 
regressions). 

Species 
Overall model presencelabsence Species richness 

Factor Intercept P value R2 Slope P value Slope P value 

Richness 28.4 0.01 0.08 NA N A  +25.1 0.01 
P. pectinatus 28.4 10.001 0.24 -55.4 <0.001 +39.0 <0.001 
P. nodosus 28.4 0.04 0.07 - 1.59 0.92 +25.5 0.02 
P. crispus 28.4 <0.001 0.55 +92.3 <0.001 +2.02 0.78 
Zpalus t r i s  26.3 0.003 0.14 -35.29 0.02 +33.9 0.001 

Note: NA indicates that the statistical analysis does not apply to this factor. 
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TABLE5. Effect of species richness alone (simple linear regression), and species richness 
when accounting for the effects of individual species on total phosphorus loss (multiple linear 
regressions). 

Species 
Overall model presencelabsence Species richness 

Factor Intercept P value R2 Slope P value Slope P value 

Richness 0.03 0.04 0.04 NA NA -0.004 0.04 
P. pectinarus 0.03 0.08 0.04 -0.003 0.33 -0.003 0.13 
P. nodosus 0.03 0.13 0.03 -0.001 0.81 -0.004 0.08 
P. crispus 0.03 0.02 0.08 -0.006 0.05 -0.003 0.24 
Z palusrris 0.03 <0.001 0.17 +0.01 0.001 -0.007 0.002 

Note: NA indicates that the statistical analysis does not apply to this factor. 

zation (Fig. 4a) and thereby higher total phosphorus oxygenation. In contrast to the effects of P. crispus on 
retention (Fig. 4b), i.e., algal biomass and phosphorus algae, P. pectinatus inhibits algal production, suggest- 
retention were higher in ecosystems in which P. crispus ing it may indeed decrease phosphorus release into the 
was present than in systems in which the species was water column and thereby phosphorus supply to algae. 
absent (Table I) ,  and the chance of P. crispus being Irrespective of the exact mechanisms of phosphorus 
present in a system increased as species richness in- retention affected by P. pectinatus, the effects of P. 
creased. The higher total phosphorus retention in P. crispus and P. pectinatus, one of the weakest compet- 
crispus communities is best explained by a filtration itors and the most dominant competitor, respectively, 
mechanism rather than a nutrient uptake mechanism, on phosphorus retention combine to produce a diversity 
because 80% of phosphorus was bound up in particles effect on phosphorus retention. Even though our study 
rather than available for immediate plant uptake. Phos- was too short (one growing season) to address long- 
phorus retention apparently was not only enhanced by term effects of macrophyte communities on nutrient 
P. crispus and associated algal mats, but also by the retention, the filtration and sequestration mechanisms 
presence of P. pectinatus, which may also filter par- could both contribute to the long-term sequestration of 
ticulates from the water column owing to its filiform phosphorus in wetlands. On the other hand, direct up- 
leaf morphology, or may influence the phosphorus con- take of phosphorus from the water column or the soil 
centration in the water through direct uptake or phos- would only provide short-term immobilization and 
phorus sequestration in the soil owing to rhizosphere therefore short-term retention of phosphorus, but a 

TABLE6. Relative yield (RY, mean t 1 SE) and relative yield totals (RYT; mean 2 1 SE) of shoot biomass in the different 
community treatments and for the different species. 

Community Species RY Mechanism RYT 

PplPn Pp 2.08 t 0.25*** competition 1.27 2 0.18 
Pn 0.45 t 0.15*** 

PplPc competition 

PP~ZP competition 

PnlPc averaging or interspecific (= intraspecific) competition 

PnlZp competition 

PclZp complementarity 

PplPnlPc competition 

competition 

competition 

competition 

Notes: Species abbreviations are: Pp, Potamoaeton peclinatus: Pn. Potamoaeton nodosus: PC. Potamoaeron crisous: and 
Zp, ~annichellia palustris. Values of RY and RYT significantly greater or l ess  than 1 are denoted by asterisks: * P' < 0.05;
** P < 0.01; *** P < 0.001. 
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TABLE7. Relative yield (RY; mean + 1 SE) and relative yield totals (RYT; mean + 1 SE) of total biomass in the different 
community treatments and for the different species. 

Community Species. -
PplPn 

PplPc 

PP~ZP 

PnlPc 

PnlZp 

PclZp 

PplPnlPc 

PplPnlZp 

PplPclZp 

PnlPclZp 

Pp 
Pn 
Pp 
PC 
Pp
Zr, 
~n 
PC 
Pn 
Zp 
PC 
Zp 
Pp 
Pn 
PC 
Pp 
Pn 
Zp 
Pp 
PC 
Zp 
Pn 
PC 
Zp 

RY 

1.76 ? 0.09*** 
0.34 t- 0.07*** 
1.45 2 0.22* 
0.21 i- 0.06*** 
2.00 2 0.33** 
0.41 t- 0.12*** 
1.01 + 0.13 
0.97 t- 0.12 
1.12 + 0.13 
0.36 t- 0.12*** 
1 . 0 2 + 0 . 1 7  
1.13 t- 0.36 
1 . 3 5 5 0 . 3 3  
0.34 + 0.08*** 
0.43 t- 0.09*** 
1.83 2 0.40* 
1.04 ? 0.20 
0.21 i- 0.03*** 
1 .52?0.12*** 
0.27 i- 0.10*** 
0.34 ? 0.04*** 
1.24 i- 0.19 
0.44 ? 0.20*** 
0.24 i- 0.07*** 

Mechanism 

competition 

competition 

competition 


averaging or interspecific (= intraspecific) competition 


competition 


averaging or interspecific (= intraspecific) competition 


competition 


competition and complementarity 

competition 

competition 

RYT 

1.05 % 0.05 

0.84 + 0.12** 

1.20 + 0.20 

0.99 + 0.05 

0.74 -+ 0.12* 

1.08 i- 0.12 

0.71 -+ 0.10** 

1.03 ? 0.15 

0.71 t- 0.04*** 

0.64 t- 0.06*** 

Notes: Species abbreviations are: Pp, Potamogeton pecrinatus; Pn, Potamogeton nodosus; PC, Potamogeton crispus; and 
Zp, Zannichellia palustris. Values of RY and RYT significantly greater or less than 1 are denoted by asterisks: * P < 0.05; 
**  P < 0.01; *** P < 0.001. 

long-term release of phosphorus when plants (algae and 
rooted macrophytes) die. 

In summary, our results are best explained by a ten- 
sion between two opposite sampling effects: the indi- 
rect sampling effect towards higher algal biomass in 
the water column which contributes to higher produc- 
tivity of the entire ecosystem and lower total phos- 
phorus loss vs. the inverse sampling effect towards 
intermediate shoot and total biomass of rooted mac- 
rophytes. Which sampling effect dominates probably 
depends on the length of time between disturbance 
events and the rate at which P. pectinatus can displace 
P. crispus or P. nodosus and other more productive, 
but less competitive species from communities. Our 
experiment was too short to test whether P. pectinarus 
could indeed exclude P. crispus and P. nodosus in fu- 
ture generations; however, managed freshwater wet- 
lands near the Great Salt Lake in Utah have been dom- 
inated by P. pecrinatus (Craner 1964, Sterling 1970), 
suggesting that P. pectinatus is indeed a superior com- 
petitor in bicarbonate-based systems such as ours, and 
will eventually exclude the other species in the absence 
of disturbances. We, however, caution against inter- 
preting the results as suggesting that P. pecrinatus is 
"bad" an3 P. crispus is "good" for wetland ecosys- 
tems. First, environmental conditions (e.g., hydrology, 
nutrient inputs, incident light, sediment characteristics) 
were the same in all mesocosms. Manipulation of en- 
vironmental conditions may have revealed that P. pec-
tinatus may indeed be the best competitor with the 
greatest effects on ecosystem processes under different 

environmental conditions. Second, we did not measure 
the effects of species and diversity on fish and wildlife; 
however, P. pectinatus produced the highest tuber bio- 
mass, and tubers are an important food resource for 
wetland birds (Idestam-Almquist 1998, Nolet et al. 
2001). On the other hand, facilitation of algae by P. 
crispus may sometimes, but not always, decrease the 
value of a habitat to fish and wildlife (Isaksson and 
Piehl 1992, Piehl et al. 1994, Pieczynska et al. 1998). 
Furthermore, even though the presence of P. crispus 
and filamentous algae in a wetland may enhance re- 
tention of nutrients, enhancing the success of P. cris-
pus, a non-native naturalized species, and associated 
filamentous algae may not be desirable from an aes- 
thetic standpoint. This highlights the complex and mul- 
tidimensional nature of understanding the effects of 
species and diversity on ecosystem functioning and ser- 
vices, i.e., a species may enhance or maintain ecosys- 
tem functioning in some way, but by doing so it can 
have direct and indirect effects on other ecosystem pro- 
cesses. 

An alternative explanation for our results may be 
that uncontrolled factors, such as herbivory or invasion 
by algae, masked the real relationship between species 
richness and ecosystem functioning. Herbivory is un- 
likely in our systems because we only observed col- 
onization by invertebrate predators and detritivores. 
Colonization by filamentous algae could have also 
masked the relationship if algae were competing with 
macrophytes for nutrients and light (Balls et al. 1989, 
Sand-Jensen and Borum 1991). We found that algal 
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