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Abstract. The consequences of declining biodiversity remain controversial, in part
because many studies focus on a single metric of ecosystem functioning and fail to consider
diversity’s integrated effects on multiple ecosystem functions. We used tide pool microcosms
as a model system to show that different conclusions about the potential effects of producer
diversity on ecosystem functioning may result when ecosystem functions are measured
separately vs. together. Specifically, we found that in diverse seaweed assemblages, uptake of
either nitrate or ammonium alone was equal to the average of the component monocultures.
However, when nitrate and ammonium were available simultaneously, uptake by diverse
assemblages was 22% greater than the monoculture average because different species were
complementary in their use of different nitrogen forms. Our results suggest that when
individual species have dominant effects on particular ecosystem processes (i.e., the sampling
effect), multivariate complementarity can arise if different species dominate different
processes. Further, these results suggest that similar mechanisms (complementary nutrient
uptake) may underlie diversity–functioning relationships in both algal and vascular-plant-
based systems.
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INTRODUCTION

Because organisms differ in their impacts on bio-

geochemical processes, there is growing consensus that

the diversity of species in an ecosystem influences that

system’s functioning (Loreau et al. 2001, Kinzig et al.

2002). Three major classes of mechanisms that link

diversity with enhanced functioning have been identi-

fied: the sampling effect, which is the increased

probability of including a dominant species in a more

diverse assemblage (Huston et al. 2000); complementar-

ity, which occurs when species partition limiting

resources, reducing competitive overlap among com-

munity members and leading to enhanced resource use

in systems containing more species (Loreau and Hector

2001); and facilitation, the enhancement of ecosystem-

level processes due to beneficial interactions among

species in the system (Cardinale et al. 2002). Consid-

erable research has debated the relative importance of

these mechanisms (particularly complementarity vs. the

sampling effect) and their conservation relevance. The
dichotomy between these mechanisms may be, in part, a

consequence of the deliberate focus on individual

response variables as independent measures of ecosys-

tem function (but see Hooper and Vitousek 1998). A

recent analysis of the effects of crustacean-grazer

diversity on a suite of ecosystem properties found that

more diverse grazer assemblages maximized multiple

ecosystem functions simultaneously, because different
species had dominant effects on different ecosystem

functions (Duffy et al. 2003). These results suggest that

multivariate complementarity may emerge when multi-

ple ecosystem functions are simultaneously considered,

but the generality of this finding is unclear.

We explicitly tested this hypothesis of multivariate

complementarity by evaluating the influence of tide pool

seaweed diversity on the flux of nitrogen, the primary

limiting nutrient in temperate nearshore marine systems
(Ryther and Dunstan 1971). Inorganic nitrogen in

northeastern Pacific tide pools occurs in two forms. (1)

Ammonium is excreted as a waste product by inverte-

brates and accumulates in pools at low tide (Bracken

2004, Bracken and Nielsen 2004). (2) Nitrate is brought

to the ocean surface by coastal upwelling and is
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available to seaweeds at high tide (Fujita et al. 1989), but

can be rapidly depleted when pools are isolated at low

tide (Bracken and Nielsen 2004). Because ammonium is

primarily associated with local-scale regeneration,

whereas nitrate availability is predominately determined

by oceanographic processes in the adjacent nearshore

ocean, these two nitrogen forms are usually considered

separately in studies of nitrogen dynamics in coastal

ecosystems (Dugdale and Goering 1967, Eppley and

Peterson 1979). Therefore, in this study we treated

nitrate and ammonium fluxes as separate, but poten-

tially complementary, ecosystem processes. The physio-

logical mechanisms by which each form is used differ

substantially (Lobban and Harrison 1994), and different

seaweed species show uptake and storage preferences for

either nitrate or ammonium (Pedersen and Borum 1997,

Naldi and Wheeler 1999), suggesting that seaweeds with

different morphologies, physiological capabilities, and

life-history strategies might differ in their abilities to

utilize nitrate vs. ammonium (Wallentinus 1984, Peder-

sen and Borum 1997, Naldi and Wheeler 1999). If

species are complementary in their use of nitrate and

ammonium, nitrogen uptake by a multi-species assem-

blage may be enhanced when both nitrogen forms are

available, providing a mechanistic link between pro-

ducer diversity and nutrient use in marine ecosystems.

We measured nitrogen fluxes in outdoor tide pool

microcosms, where we compared the abilities of eight

seaweed species in monoculture and polyculture to take

up nitrogen provided as nitrate, ammonium, or both

nitrate and ammonium. We then compared the meas-

ured nitrogen uptake coefficients of the eight-species

polycultures with those predicted by the component

monocultures (Emmerson and Raffaelli 2000). We were

unable to partition sampling vs. complementarity effects

because it was not possible to measure individual

species’ uptake rates in the polycultures (Loreau and

Hector 2001). However, the comparison of predicted

and measured uptake coefficients provided a statistical

test for nontransgressive overyielding, which occurs

when a polyculture’s impact on ecosystem functioning

is greater than the weighted average effects of its

component monocultures (Fridley 2001). This compar-

ison allowed us to evaluate potential mechanisms

underlying the positive correlation we previously ob-

served between seaweed diversity and nitrogen uptake in

natural tide pools (Bracken and Nielsen 2004). Because

many terrestrial experiments linking producer diversity

and ecosystem functioning have measured diversity

effects on nitrogen pools and fluxes (Tilman et al.

1997, Hooper and Vitousek 1998, Tilman 1999), our

study provides a direct analogue to terrestrial experi-

ments, allowing us to address the generality of these

relationships and mechanisms in a system where nutrient

acquisition occurs via fundamentally different processes

(i.e., algae lack roots). More generally, less than 3% of

published studies investigating the effect of diversity on

ecosystem processes have been conducted in marine

systems (Naeem and Wright 2003), and most of this

work has focused on the effects of consumer diversity

(e.g., Stachowicz et al. 1999, Emmerson et al. 2001,

Duffy et al. 2003; but see Bruno et al. 2005). This makes

it difficult to compare marine studies with studies in

terrestrial ecosystems, where most research has quanti-

fied the effects of producer diversity.

METHODS

Eight species of intertidal seaweeds were collected

from the Bodega Marine Reserve on the northern coast

of California, USA (38819.0 0 N, 12384.1 0 W): five

Rhodophytes (Mastocarpus papillatus, Mazzaella flacci-

da, Microcladia borealis, Porphyra perforata, and

Prionitis lanceolata); one Heterokontophyte (Fucus

gardneri); and two Chlorophytes (Cladophora columbi-

ana and Ulva taeniata) (see Gabrielson et al. 2004 for

authorities). The macroalgal species in our assemblages

commonly occur in tide pools on northeastern Pacific

rocky shores (Nielsen 2003), representing .80% of

biomass in surveyed pools (Bracken and Nielsen 2004);

our experimental assemblages included most of the

species found in natural tide pools. These species

spanned a range of morphologies, including filaments,

thinly corticated species, thin blades, and thickly

corticated species. Algae were kept outdoors under

ambient daylight conditions in running seawater (26.5 6

5.3 lmol/L NO3
� and 2.3 6 0.6 lmol/L NH4

þ) for ,24

h before uptake trials were conducted. Immediately

prior to uptake measurements, algae were rinsed in

nitrogen-depleted seawater to remove sediment, epi-

phytes, and residual nitrogen.

Nitrogen uptake measurements were conducted in

0.4-L microcosms, which were maintained at ambient

seawater temperatures (12.98 6 0.38C; mean 6 SE).

Previous studies have shown that nitrogen dynamics in

microcosms of this size are similar to those in natural

tide pools (Bracken 2004, Bracken and Nielsen 2004).

All trials were conducted outside, under natural light

conditions (1345 6 87 lmol photons�m�2�s�1), to ensure

that light availability did not limit nitrogen uptake.

We added 0.4 L of nitrogen-depleted seawater and 24

g (wet mass) of algae to each microcosm. Polycultures

were composed of equal masses (3 g wet tissue) of each

of the eight component species. One problem with

replacement series designs like this one is that they

confound changes in species composition with changes

in intraspecific density. However, our previous field

surveys of tide pools (Bracken and Nielsen 2004) found

no relationship between seaweed diversity and biomass,

suggesting that natural pools support a given amount of

algal biomass, which is partitioned among the species

present. This observation argues that the most ecolog-

ically relevant design is one in which total biomass
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across all levels of diversity is constant. The density of

algae in our microcosms was well within the range of

densities recorded in natural tide pools (microcosms,

12.46 6 0.11 g dry tissue/L; natural tide pools, 14.53 6

6.10 g dry tissue/L; calculated from data in Bracken and

Nielsen [2004]). By matching the seaweed densities in

our microcosms to those measured in the field, we

ensured that our experimental design was appropriate

for quantifying the extent to which seaweeds partition

nitrate and ammonium in tide pools (Sackville Hamilton

1994).

Nitrogen (as 100% NH4Cl, 100% NaNO3, or 50%

NH4Cl and 50% NaNO3) was added to the microcosms

to supply macroalgae with initial nitrogen concentra-

tions of 2, 4, 8, 12, 20, 30, 40, and 60 lmol/L. Initial

nitrogen concentrations spanned the ranges of ammo-

nium and nitrate concentrations observed in natural tide

pools, where ammonium concentrations (associated

with excretion by invertebrates) average 24.1 6 6.4

lmol/L and nitrate concentrations (associated with

coastal upwelling and bacterial oxidation) average 29.2

6 2.9 lmol/L (Bracken and Nielsen 2004). Four
replicate microcosms were sampled at each initial

concentration, and we measured nitrogen uptake in a

total of 32 microcosms for each combination of species

and nitrogen form. Water samples were collected at 0,

15, and 30 min and analyzed for ammonium and nitrate

concentrations (Parsons et al. 1984). The change in the

nitrogen concentration in each microcosm over a 30-min

incubation period was used to calculate the biomass-

specific nitrogen uptake rate of the seaweeds in that

microcosm (lmol�h�1�g�1) as a function of initial nitro-

gen concentration. Because of still water conditions in

the microcosm (which occur in natural tide pools at low

tide), nitrogen uptake rates did not saturate, and

relationships between nitrogen uptake and concentra-

tion were linear. Regression constants (y-intercepts) for

the relationships between uptake rates and initial

nitrogen concentration were never significantly different

from 0 (one-sample t tests, P . 0.10), so we used the

slopes of these linear relationships as coefficients

(L�h�1�g�1) describing the uptake capabilities of each

of the monocultures and polycultures (Phillips and Hurd

2004).

The data were analyzed using one- and two-sample t

tests and general linear models after verifying normal

distributions and homogeneity of variances. The uptake

coefficients of the component monocultures were used to

predict the uptake coefficients of the polycultures for

each nitrogen source (ammonium, nitrate, and ammo-

nium and nitrate). Each species’ contribution to a

predicted uptake coefficient was weighted by its actual

proportion of the dry tissue mass in each polyculture.

This was necessary because uptake rates were normal-

ized by dry tissue mass, but partitioning of biomass in

polycultures was initially done using wet tissue mass.

However, expressing results in terms of wet tissue mass

(assuming equal proportions of each species) did not

affect the outcomes of any of the analyses. The variance
associated with each monoculture uptake coefficient was

calculated using regression analyses, and the predicted

polyculture variances were calculated by normalizing the

monoculture standard deviations by their proportion of
the total biomass in each microcosm, then using those

mass-normalized standard deviations to calculate

pooled estimates of variance (Ramsey and Schafer

1997). Measured and predicted uptake coefficients were
then compared using two-sample t tests. Actual sample

sizes for these calculations ranged from n¼ 29 to 32, due

to occasional sample loss during nitrogen analyses.

Because ammonium uptake coefficients were virtually

always higher than nitrate coefficients for each species
(see Results), we used relative uptake ratios (r) to

evaluate each species’ uptake of nitrate and ammonium

relative to other species:

r ¼ NO �
3 =NO �

3

NH þ
4 =NH þ

4

;

where NO3
� and NH4

þ are a species’ nitrate and
ammonium uptake coefficients, respectively, and NO �

3

and NH þ
4 are the average nitrate and ammonium

uptake coefficients of all eight seaweed species. This

ratio provides an index that reflects the ability of each
species to take up nitrate and ammonium relative to the

other species in the eight-species assemblage. Thus, if

r . 1, a species is relatively more effective at nitrate

uptake, whereas if r , 1, then a species is relatively more
effective at ammonium uptake. In general, if ratios of

most species are very different from 1, then species that

are more effective at nitrate uptake are less effective at

ammonium uptake and vice versa. Conversely, if most
ratios are close to one, then species tend to be similar in

their uptake of both nitrogen forms.

RESULTS

For uptake of either ammonium or nitrate alone, the

polycultures’ measured uptake coefficients were no

different than those predicted by the monocultures

(Table 1; for NH4
þ, t ¼ 0.589, df ¼ 60, P ¼ 0.552; for

NO3
�, t ¼ 0.927, df ¼ 58, P ¼ 0.356). However, when

equal proportions of ammonium and nitrate were

provided, the eight-species polycultures were 22% more

effective at nitrogen uptake than predicted based on the
uptake abilities of the individual species composing

those polycultures (Table 1; t¼3.104, df¼59, P¼0.003)

and 27% more effective than predicted, based on the

polycultures’ uptake of nitrate and ammonium alone

(t ¼ 4.351, df ¼ 60, P , 0.0001), indicating that
overyielding occurred when both nitrate and ammonium

were available (Tilman 1999, Fridley 2001).

This nonadditive effect of diversity on nitrogen

uptake indicated that one or more seaweed species
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exhibited enhanced, biomass-specific uptake in poly-
culture, but only when both nitrate and ammonium were

available. While non-additivity could be associated with

facilitation (Cardinale et al. 2002), this is an unlikely
explanation in this case, as facilitation would likely

involve enhancement of either nitrate or ammonium
uptake, and polyculture uptake coefficients were pre-

dicted by component monocultures for both nitrate and

ammonium alone (Table 1). This pattern could also arise
if species exhibited nonlinear responses to changes in

nitrogen concentration, as the concentrations of nitrate

and ammonium added in combination were half the
concentrations of each added separately. We therefore

compared the nitrate and ammonium uptake coefficients
of monocultures when one vs. both nitrogen forms were

available. We found that the range of initial concen-

trations (1–30 lmol/L or 2–60 lmol/L) did not influence
the uptake coefficient (P . 0.15 for all combinations of

species and nitrogen forms). Instead, the overyielding we

describe here is consistent with reduced interspecific
competition for each nutrient in microcosms where both

forms of nitrogen were available (Jolliffe 2000). There
was overyielding in uptake of both nitrate (t ¼ 2.831,

df ¼ 59, P ¼ 0.006) and ammonium (t ¼ 2.816, df ¼ 59,

P ¼ 0.007) in polyculture when both chemical forms of
nitrogen were present, suggesting that competition for

both nitrate and ammonium was reduced in diverse

assemblages.
Evaluations of each species’ ability to utilize nitrogen

suggested that the mechanism underlying the observed

overyielding was, indeed, reduced competition associ-
ated with complementary uptake of nitrate and ammo-

nium. All species had greater rates of ammonium uptake

than nitrate uptake (Table 1), but species that were the
most effective at utilizing ammonium were among the

poorest at taking up nitrate, and those that were the
strongest at nitrate uptake were among the weakest at

using ammonium (Table 1, Fig. 1). For example,

Microcladia was more effective than Mazzaella at

utilizing ammonium (ammonium 3 species interaction;
F1,57¼ 32.2, P , 0.0001), whereas Mazzaella was better

than Microcladia at nitrate uptake (nitrate 3 species

interaction; F1,46¼ 31.8; P , 0.0001). In general, species
could be divided into two functional groups that were

relatively better at utilizing either nitrate or ammonium.
Cladophora, Microcladia, and Ulva were more effective

at ammonium uptake (relative uptake ratio , 1;

P , 0.01), whereas Prionitis, Fucus, Mastocarpus, and
Mazzaella were better at nitrate uptake (relative uptake

ratio . 1; P , 0.001) (Fig. 1). Results of these analyses

were qualitatively the same regardless of whether relative
or absolute uptake ratios were used. Only Porphyra was

equally effective at utilizing nitrate and ammonium

(P ¼ 0.174). While this species was characterized by
relatively high uptake of both nitrate and ammonium (it

was the only species with combined nitrate and ammoni-
um uptake rates greater than the polyculture [t ¼ 5.72,

df ¼ 60, P , 0.001; Table 1]), the low fraction of each

species’ biomass in the polycultures prevented any one
species from dominating nitrogen uptake.

DISCUSSION

Our results suggest that when both functional groups

of macroalgae, those preferring ammonium and those
preferring nitrate, co-occur in tide pools, and both forms

of nitrogen are present, niche partitioning can reduce

competition and lead to greater nitrogen fluxes into
intertidal ecosystems. This study provides a simple

example of how measuring additional response variables

can lead to different conclusions about the influences of
diversity on ecosystem functioning. If we had assessed

nitrate or ammonium uptake separately, we would have

mistakenly concluded that the uptake rate of a diverse
assemblage is a simple weighted average of the uptake

rates of the component species and that diversity affects
nitrogen uptake only via a sampling effect. However,

measuring uptake of both nitrogen forms simultane-

ously revealed that multivariate complementarity can

TABLE 1. Nitrogen uptake coefficients (means 6 SE) of tide pool macroalgae.

Uptake coefficients (L�h�1�g�1)

Species NH4
þ NO3

� NH4
þ and NO3

�

Monocultures

Cladophora 0.116 6 0.019 0.017 6 0.016 0.049 6 0.009
Microcladia 0.148 6 0.008 0.032 6 0.004 0.104 6 0.006
Ulva 0.155 6 0.010 0.033 6 0.008 0.117 6 0.010
Porphyra 0.150 6 0.004 0.074 6 0.007 0.139 6 0.005
Fucus 0.066 6 0.004 0.037 6 0.002 0.067 6 0.003
Mastocarpus 0.089 6 0.006 0.057 6 0.002 0.045 6 0.003
Prionitis 0.098 6 0.008 0.067 6 0.005 0.085 6 0.004
Mazzaella 0.096 6 0.005 0.080 6 0.005 0.089 6 0.004

Polycultures�
Predicted 0.112 6 0.007 0.053 6 0.005 0.086 6 0.005
Observed 0.117 6 0.005NS 0.047 6 0.003NS 0.105 6 0.003**

� Statistical comparisons of predicted vs. observed polyculture uptake coefficients are indicated:
NS, not significant (P . 0.355 in both cases); ** P¼ 0.003.
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lead to non-transgressive overyielding (Table 1). As a

corollary, our results predict that if one nitrogen form is

rare or absent, diversity will only affect nitrogen uptake

via a sampling effect.

While Porphyra monocultures outperformed the poly-

cultures when both nitrate and ammonium were avail-

able, this species never dominates tide pools in the Bodega
MarineReserve (,1% of algal cover in 50 pools surveyed;

C. Gonzalez-Dorantes, M. Bracken, and J. Stachowicz,

unpublished data), perhaps because it is highly susceptible

to grazing by molluscs present in the pools. In fact, the

best-performing monocultures (Porphyra and Ulva;

Table 1) are both preferentially consumed by herbivores

(Lubchenco 1978,Harley 2002), which suggests a possible
trade-off between a seaweed’s ability to sequester nitro-

gen and its tolerance to herbivory. In most high-zone tide

pools, herbivores are abundant (Nielsen 2003, Bracken

and Nielsen 2004), which likely limits the abilities of

species likeUlva andPorphyra to dominate the pools. The

importance of diversity in mediating nitrogen uptake by

seaweed assemblages may therefore be context depend-
ent. Where herbivore densities are high, complementarity

links diversity and nitrogen use, but where herbivores are

less abundant, one or a few dominant species may be

responsible for the majority of nitrogen uptake. Like

other recent work in marine systems (Duffy et al. 2005,

Byrnes et al. 2006), this result highlights the importance of

including higher trophic levels in evaluating the relation-
ship between diversity and ecosystem functioning.

In fact, the majority of tide pools in the Bodega
Marine Reserve are dominated by Cladophora, which

has a strong preference for ammonium, and Prionitis,

which is relatively better at taking up nitrate (Fig. 1).

These two species collectively comprise 65% of macro-

algal cover, and each has a lower nitrogen uptake rate

than the polyculture when both nitrate and ammonium

are available (Table 1). Thus, in natural tide pools,

where nitrate concentrations (associated with nearshore

oceanographic conditions at high tide and bacterial

oxidation at low tide) can exceed 70 lmol/L, and
invertebrate-mediated ammonium concentrations can

reach 44 lmol/L (Bracken and Nielsen 2004), comple-

mentary use of nitrate and ammonium likely plays an

important role in linking algal diversity and nitrogen

fluxes. Because the dominant form of available nitrogen

changes over tidal and seasonal cycles (Fujita et al. 1989,

Bracken and Nielsen 2004), this mechanism of comple-
mentarity may commonly enhance the consistency of

nitrogen inputs into diverse intertidal systems. However,

because seaweeds’ relative uptake preferences for nitrate

and ammonium vary in time and space (Hanisak and

Harlin 1978, Phillips and Hurd 2003), the multivariate

complementarity effect we describe may also depend to

some extent on time of day, season, and location.

Finally, our uptake calculations are based on 30-min
incubations and may not be representative of uptake

over longer periods of time (Pedersen 1994), though

maintaining the algae in ambient high-nitrogen seawater

during the brief period between collection and uptake

trials should have minimized depletion of internal

nitrogen pools, reducing the potential for initial

transient enhancement of nitrogen uptake.

This study highlights the lessons that can be learned by

conducting analogous measurements of diversity effects
on ecosystem functioning in different ecosystems. While

diversity influences nitrogen uptake in both terrestrial

(Tilman et al. 1997, Hooper and Vitousek 1998) and

marine (Bracken and Nielsen 2004, Hughes and Stacho-

wicz 2004) ecosystems, differences in nutrient diffusion

and acquisition mean that the mechanisms linking

FIG. 1. Relative uptake of NO3
� and NH4

þ by tide pool seaweed species. Ratios (mean 6 SE) represent each species’ relative
ability to take up NO3

� vs. NH4
þ. Values .1 indicate that a species is more effective than average at NO3

� uptake, and values ,1
indicate that a species is more effective at NH4

þ uptake.
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diversity and ecosystem functioning in these systems can

be very different. For example, vascular plant species

vary with respect to rooting depth and root morphology

(Tilman et al. 1997, Hooper and Vitousek 1998, Loreau

1998), allowing plants to spatially partition nitrogen in

the soil, such that spatial complementarity can link plant

diversity and uptake of either nitrate or ammonium

alone (Tilman et al. 1997, Loreau 1998, Fargione and

Tilman 2005). In contrast, rapid diffusion of nitrate and

ammonium in marine systems precludes a spatial

distribution of resources for marine algae, which obtain

nutrients from the fluid medium in which they are bathed

(Phillips and Hurd 2003). Previously observed links

between seaweed diversity and uptake of either ammo-

nium or nitrate alone (Nielsen 1998, Bracken andNielsen

2004) may therefore be associated with the sampling

effect, because species with high capacities for nitrogen

uptake occurred in more diverse tide pools but not in

species-poor ones. However, when both forms of nitro-

gen are present, different species are more effective at

obtaining nitrate or ammonium, reducing interspecific

competition and resulting in enhanced total nitrogen

uptake (Table 1). Multivariate nitrogen complementarity

is also likely to occur in terrestrial ecosystems, where

specialization by plant species on different nitrogen

forms (nitrate, ammonium, and free amino acids)

influences plant species diversity and community com-

position (McKane et al. 2002).

Our results suggest that a more complete under-

standing of the influence of diversity on ecosystem

functioning can emerge when multiple ecosystem func-

tions are considered simultaneously. Most studies have

focused on links between diversity and a narrow range

of ecosystem functions, such as primary production and

nutrient retention (Loreau et al. 2001), but each

ecosystem is characterized by a multitude of biogeo-

chemical transformations and fluxes. When different

species or functional groups maximize different ecosys-

tem functions (Petchey and Gaston 2002, Duffy et al.

2003), these independent effects can combine to generate

multivariate complementarity.
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