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Abstract In a microcosm 15N enrichment experi-

ment we tested the effect of floating vegetation

(Lemna sp.) and submerged vegetation (Elodea

nuttallii) on denitrification rates, and compared it to

systems without macrophytes. Oxygen concentration,

and thus photosynthesis, plays an important role in

regulating denitrification rates and therefore the

experiments were performed under dark as well as

under light conditions. Denitrification rates differed

widely between treatments, ranging from 2.8 to

20.9 lmol N m-2 h-1, and were strongly affected

by the type of macrophytes present. These differences

may be explained by the effects of macrophytes on

oxygen conditions. Highest denitrification rates were

observed under a closed mat of floating macrophytes

where oxygen concentrations were low. In the light,

denitrification was inhibited by oxygen from photo-

synthesis by submerged macrophytes, and by benthic

algae in the systems without macrophytes. However,

in microcosms with floating vegetation there was no

effect of light, as the closed mat of floating plants

caused permanently dark conditions in the water

column. Nitrate removal was dominated by plant

uptake rather than denitrification, and did not differ

between systems with submerged or floating plants.
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Introduction

Nitrogen inputs to aquatic ecosystems have dramat-

ically increased in the past decades. Excess nutrient

loading has caused numerous problems in aquatic

ecosystems worldwide, such as harmful phytoplank-

ton blooms, closed mats of floating plants, hypoxia

and loss of biodiversity (Scheffer et al. 2003; Smith

et al. 1999). Denitrification, the reduction of nitrate to

gaseous nitrogen, is an important process for perma-

nent nitrate removal from aquatic systems (Seitzinger

et al. 2006). It occurs under anoxic conditions and

requires the presence of sufficient nitrate and organic

carbon (Knowles 1982). In aquatic ecosystems,

denitrification mainly takes place in the sediment

(Eriksson and Weisner 1999), but it also occurs in

biofilms on macrophyte surfaces (Eriksson 2001;

Eriksson and Weisner 1999; Körner 1999).

Macrophytes may influence denitrification rates

directly and indirectly. Directly, they provide surface

area for attached biofilms, where the heterogeneous

oxygen conditions may favor both nitrification and

denitrification (Eriksson and Weisner 1996, 1999;

Körner 1999), although most surface area will be
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available in the sediment itself where conditions are

more suitable for denitrification. Indirectly, they

affect denitrification rates by changing the nutrient

concentrations by uptake and release during growth

and senescence, and by influencing oxygen levels, pH

and organic carbon availability in the sediment and

the water column (Carpenter and Lodge 1986; Körner

1999; Weisner et al. 1994).

In this way, rooted submerged macrophytes may

create favorable conditions for coupled nitrification–

denitrification in the sediment by creating heteroge-

neous oxygen conditions in the root zone, and by

excreting organic carbon from their roots (Caffrey and

Kemp 1992; Christensen and Sorensen 1986; Reddy

et al. 1989; Weisner et al. 1994). On the other hand,

submerged macrophytes may inhibit denitrification

when photosynthesis generated oxygen levels become

too high, and by competing for nitrate with denitri-

fying bacteria (Toet et al. 2003; Weisner et al. 1994).

There are thus both negative and positive effects of

macrophytes on denitrification. A meta-analysis of 136

data-sets showed no significant difference in denitri-

fication rates in absence or presence of macrophytes

(Piña-Ochoa and Álvarez-Cobelas 2006). However,

this study was done on datasets gathered in systems

with different types of vegetation, which may have

different effects on denitrification, and in sites with

various environmental conditions. Several direct com-

parisons of denitrification rates in vegetated and non-

vegetated sediment patches showed positive effects of

macrophytes on denitrification (Caffrey and Kemp

1992; Christensen and Sorensen 1986; Iizumi et al.

1980). However, the effect of the type of vegetation,

either floating or submerged, on denitrification is still

unclear. Studying the effects of these vegetation types

on denitrification is particularly interesting as many

shallow waterbodies such as ditches and ponds are

dominated by either submerged or floating vegetation,

depending on nutrient loading (Janse and Van

Puijenbroek 1998; Scheffer et al. 2003).

In this study we compared the effect of floating

macrophytes (Lemna sp.) and submerged macro-

phytes (Elodea nuttallii (Planch.) H. St John) on total

denitrification rates in a microcosm experiment. We

included microcosms without macrophytes to study

effects of macrophyte presence. To explore the effect

of photosynthesis-driven variation in oxygen levels,

we performed the experiments both under light and

dark conditions.

Methods

Experimental setup

Eighteen microcosms (8 l v., 20 cm Ø, 30 cm h) were

used, in which we introduced a 2 cm thick layer of

sediment (330 ml) and 7 l of Smart and Barko

macrophyte growth medium with 1 mg N/l and

0.19 mg P/l (Smart and Barko 1985; van Liere et al.

2007). The sediment contained 7% organic matter and

originated from a nearby eutrophic pond. We applied 3

treatments to the microcosms with 6 replicates each:

they were either covered completely by the floating

macrophyte duckweed (Lemna sp.) (corresponding to

ca. 5.3 g dry weight), filled with 70 g wet weight of the

submerged macrophyte western waterweed (Elodea

nuttallii (Planch.) St. John) (corresponding to 4.5 g dry

weight), or kept without vegetation. We chose these

species as they are representative types of floating and

submerged vegetation in mesotrophic and eutrophic

ditches and lakes, and dominate many waterbodies in

the Netherlands. Waterweed was collected in a nearby

mesotrophic artificial drainage ditch (Sinderhoeve

Experimental Station, Renkum, The Netherlands

51�59055.0800N, 5�45021.4000E). Duckweed was col-

lected in a nearby eutrophic drainage ditch (Wagenin-

gen, The Netherlands 51�59014.2900N, 5�45021.4000E).

We kept all macrophytes on Smart and Barko growth

medium at 20�C for 4 weeks, and removed all visible

snails before placing them into the microcosms.

The microcosms were incubated for 4 weeks in a

water bath at 20.5 ± 0.9�C at a 12 h/12 h light/dark

cycle to ensure biofilm development. After the

incubation period denitrification was measured. We

measured denitrification in 3 microcosms of each

treatment during light conditions after a light period

of 4 h, and in the remaining 3 under dark conditions

after a dark period of 8 h. The experiment was run

twice, leading to a total of 36 measurements.

Water quality analysis

Oxygen, pH, temperature and electric conductivity

were measured with a HQ multiprobe with a lumi-

nescent dissolved oxygen sensor (Hach Company,

Loveland, Colorado, USA) directly before the deni-

trification measurements. We took 3 water samples

from each microcosm directly before and after the

denitrification measurements. Two samples were
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filtered immediately with a Whatman 0.45 lm cellu-

lose membrane filter (Whatman International Ltd,

Maidstone, England) and then frozen until analysis.

The other one was left unfiltered. Filtrated samples

were analysed colorimetrically for NO3
- ? NO2

-,

NH4
? and ortho-PO4

3-, using a SANplus autoanalyzer

(Skalar Analytical, Breda, The Netherlands). Nitrate

and nitrite (hereafter: nitrate) were determined by

the sulfanilamide/naphthylethylene-diamine dihydro-

chloride method with cadmium reduction (Green

et al. 1982), ammonium by the indophenol blue

method (Bietz 1974), and ortho-phosphate using the

ammonium-molybdate method (Murphy and Riley

1962). Chlorophyll-a was determined by Pulse

Amplitude Modulation fluorometry (Phyto-PAM) in

the unfiltered samples immediately after collection,

as described by Lürling and Verschoor (2003).

Light irradiance at the sediment surface in the

microcosms was measured before the denitrification

measurements with a subsurface light intensity meter

(LI-COR, Lincoln, NE, USA). Water losses due to

evaporation and sampling were compensated for by

adding deionized water.

Denitrification measurements

For the denitrification measurements the microcosms

were closed with airtight lids. Each lid had a screw

opening for a stirrer and a screw cap-opening with a

septum. The lids were positioned 4 cm under the

water surface, gently pushing down the macrophytes

(Fig. 1). The growth medium under the lids of the

microcosms was enriched with 1.07 mg/l 15N by

injecting 0.5 mmol/l 15N[Na–NO3] (98 at.%) through

the septum. We added 0.5 mg/l glucose as a source of

easily oxidisable carbon to prevent carbon limitation

of the denitrifying bacteria during the denitrification

measurements. Water was sampled 0.25, 1, 2 and 3 h

after injection of the 15N[Na–NO3] solution. Water

samples (5 ml, in triplicate) were taken through the

septum using a 5 ml airtight glass syringe, and were

injected into 12 ml exetainers (Labco, High Wy-

combe, UK). Exetainers contained 100 ll 50% (w:v)

ZnCl2 solution to stop biological processes in the

samples, and were pre-flushed with helium to prevent

air contamination, after which 5 ml of helium was

removed to create space for the water sample

(Dalsgaard et al. 2000). Samples were stored at room

temperature and before analysis they were vigorously

shaken to transfer the dissolved N2 into the helium

headspace. Dinitrogen concentrations and ratios of
14,15N2 and 15,15N2 over 14,14N2 were measured using

a SerCon Cryoprep trace gas concentration system

interfaced to a PDZ Europa 20–20 isotope ratio mass

spectrometer (Sercon Ltd., Cheshire, UK) at the UC

Davis stable isotope facility (Davis, CA, USA). We

calculated denitrification rates from the change in

ratios of 14,15N2/14,14N2 and 15,15N2/14,14N2 in time,

following Nielsen (1992).

Nitrate removal

Nitrate removal rates RT (mg N l-1 h-1) were

calculated from the difference between the nitrate

concentration in the microcosm before the denitrifi-

cation measurements (Nt=0) and after the denitrifica-

tion measurements (Nt=t) using Eq. 1:

RT ¼
Nt¼0 � Nt¼t

t
ð1Þ

where t is the duration of the denitrification mea-

surements (h). Nitrate removed from the microcosm

by denitrification (RD, mg N l-1 h-1) was calculated

as:

RD ¼
D �M � A � t

V
ð2Þ

where D is the denitrification rate (mmol N m-2

h-1), M is the molar mass of nitrogen (g), A is the

microcosm area (m2), t is the duration of the

experiment (h) and V is the microcosm volume (l).

Percentage of N removed by denitrification (%D) was

calculated as:
Fig. 1 Schematic overview (a) and picture (b) of a microcosm

containing E. nuttallii
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%D ¼ RD

RT
� 100 ð3Þ

Data analysis

Data of the two experimental runs were combined

because their results were not significantly different

(independent samples t test: t21.405 = -0.457,

P = 0.652). If necessary, data were ln(x ? 1) trans-

formed to achieve homogeneity of variances. Hierar-

chical nested ANOVA was used to test for effects of

vegetation treatment (fixed factor) and light nested

within vegetation treatment (random factor) on

denitrification rates, nitrate removal, and water col-

umn dissolved oxygen. Tukey HSD post-hoc tests

were used to test for differences among the individual

vegetation treatments. One-way ANOVA was used to

test for differences in nutrient concentrations between

the three vegetation treatments before the denitrifi-

cation measurements. Stepwise multiple linear

regression was used to test which factors were most

important in influencing denitrification rates.

Results

Conditions in the microcosms

Floating macrophyte cover greatly reduced light

irradiance in the microcosms, leading to near dark

conditions at the sediment surface (Table 1). Pres-

ence of submerged macrophytes also reduced light

irradiance in the microcosms, though some light still

reached the sediment surface. We observed some

periphyton and planktonic algal growth in all micro-

cosms (Table 1).

Nitrate and ammonium were depleted after the

4 week incubation period. After addition of 15N[Na–

NO3] at the start of the denitrification measurements

nitrate levels in all treatments were around 1.1 mg N/

l. Ammonium concentrations were below the detec-

tion limit before and after denitrification measure-

ments (Table 1).

The pH was significantly lower in microcosms

covered by floating vegetation than in microcosms

without macrophytes (Tables 1, 2, Tukey post-hoc

test P \ 0.001) or with submerged macrophytes

(Tukey post-hoc test P \ 0.001).

Denitrification rates

Denitrification rates differed significantly between

the treatments (Fig. 2a; Table 2). Denitrification rates

in microcosms covered by floating plants were 3.7

times higher than in microcosms without macro-

phytes (Tukey post-hoc test P \ 0.001) and 3.2 times

higher than in microcosms with submerged macro-

phytes (Tukey post-hoc test P \ 0.001).

Light tended to have an effect on the denitrifica-

tion rates within the different vegetation treatments,

although this was only significant at the P \ 0.1

level, probably due to the different effects of light for

the different treatments. There was no difference in

denitrification rates under dark or light conditions in

Table 1 Physical and chemical variables in microcosms with 3 different vegetation types during dark and light conditions measured

before (t0) and after (t3) 3 h denitrification measurements

Vegetation type

No macrophytes Floating Submerged

Dark Light Dark Light Dark Light

NO3
- t0 (mg N/l) 1.08 (0.00) 1.08 (0.00) 1.08 (0.00) 1.08 (0.00) 1.16 (0.08) 1.08 (0.00)

NO3
- t3 (mg N/l) 1.04 (0.02) 0.91 (0.08) 0.82 (0.09) 0.74 (0.02) 0.70 (0.16) 0.77 (0.08)

NH4
? t0 (mg N/l) 0.00 (0.00) 0.00 (0.00) 0.01 (0.00) 0.00 (0.00) 0.01 (0.00) 0.02 (0.02)

NH4
? t3 (mg N/l) 0.02 (0.01) 0.01 (0.01) 0.02 (0.01) 0.01 (0.00) 0.02 (0.00) 0.01 (0.00)

pH 9.22 (0.15) 9.12 (0.13) 6.80 (0.15) 6.84 (0.08) 9.22 (0.15) 9.42 (0.15)

Chl-a green algae (lg/l) 5.13 (1.13) 5.54 (3.38) 6.89 (1.04) 7.98 (3.03) 8.33 (5.29) 4.88 (1.40)

Light at sedimenta (lE/cm2/s) 80 0.5 25

Values given for NO3
- ? NO2

- t0 are after addition of 1.07 mg/l 15N[NO3]. Values are given as: mean (standard error) n = 6
a n = 1
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systems covered by floating plants. However, we

found 1.8 times more denitrification under dark

conditions than under light conditions in systems

without macrophytes and 3.5 times more denitrifica-

tion under dark conditions than under light conditions

in systems with submerged macrophytes.

Water column dissolved oxygen

Water column dissolved oxygen concentrations dif-

fered significantly between the treatments (Fig. 2b;

Table 2). Multiple regression analysis including O2,

pH, temperature, plant dry weight, plant surface area

and chlorophyll-a as explanatory variables showed

that O2 was the most important factor explaining

denitrification rates (adjusted R2 = 0.356). Oxygen

concentrations in microcosms covered by floating

vegetation were significantly lower than those in

microcosms without macrophytes (Tukey post-hoc

test P \ 0.001) or with submerged macrophytes

(Tukey post-hoc test P \ 0.001), whereas oxygen

concentrations in microcosms without macrophytes

and in microcosms with submerged macrophytes

were similar. Effect of light on water column

dissolved oxygen concentration within the treatments

was not significant (Table 2).

Nitrate removal and phosphate release

The NO3–N removed from the water column during

the 3-h denitrification measurements differed signif-

icantly between the treatments (Fig. 2c; Table 2).

Table 2 Hierarchical nested ANOVA results comparing different vegetation treatment effects and effects of light nested within the

vegetation treatment on denitrification rate, dissolved oxygen, pH and NO3–N removal

Vegetation Light in vegetation

df MS F value P value df MS F value P value

Denitrification rate 3 55.48 46.29 0.005 3 1.20 2.48 0.08

Dissolved Oxygen 3 52.35 1085.97 \0.001 3 0.05 0.94 0.719

pH 3 869.50 16827.20 \0.001 3 0.23 1.01 0.433

NO3–N removal 3 0.67 28.34 0.011 3 0.02 1.01 0.401
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Fig. 2 Total denitrification rates (a), water column dissolved

oxygen levels (b), NO3-removed from the water column during

the 3 h denitrification measurement (c) and PO4–P concentra-

tions at the start of denitrification measurements (d)

(mean ± SE, n = 6) in microcosms without macrophytes,

covered by floating macrophytes (L. minor) or filled with

submerged macrophytes (E. nuttallii). Black bars show

measurements performed under dark conditions, starting after

8 h of darkness. Grey bars show measurements performed

under light conditions, starting after 4 h of light
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Nitrate removal in microcosms without macrophytes

was lower than nitrate removal in microcosms with

floating macrophytes (Tukey post-hoc test P =

0.035) or submerged macrophytes (Tukey post-hoc

test P = 0.004). There were no significant differ-

ences between the nitrate removal in microcosms

with floating vegetation and microcosms with sub-

merged macrophytes. Effects of light on NO3–N

removal within the treatments were not significant

(Table 2). Only about 6% of the total nitrate removal

could be attributed to the measured denitrification.

After the 4 week incubation period PO4–P con-

centrations in the water column differed significantly

between the treatments (One-way ANOVA:

F2 = 49.958 P \ 0.001). Microcosms covered by

floating vegetation had highest PO4–P concentrations,

whereas those without macrophytes had the lowest

PO4–P concentrations (Fig. 2d).

Discussion

Denitrification rates were affected by the presence of

macrophytes as well as the type of macrophytes.

These effects differed depending on the light condi-

tions. In the dark differences between microcosms

were small. However, in the light denitrification in

our systems with submerged macrophytes and in

those without macrophytes was lower than in the

duckweed covered systems. This was likely due to

the permanently dark conditions under the duckweed,

which inhibited oxygen production by photosynthe-

sis. The floating plant cover also provides a barrier to

re-aeration (Morris and Barker 1977).

Our results thus suggest that oxygen production by

photosynthesis of microalgae and plants inhibited

denitrification in the top layer of the sediment and in

biofilms on the macrophyte surface. Such oxygen

mediated inhibition of denitrification rates under light

conditions was also found in other studies (Christen-

sen and Sorensen 1986; Nielsen et al. 1990; Sünd-

back and Miles 2002).

By contrast, several studies in nitrate-limited

systems have found positive effects of illumination

on denitrification due to coupled nitrification–deni-

trification (Laursen and Seitzinger 2004). If nitrate

availability is limited, denitrification rates may be

largely dependent on the production of nitrate during

nitrification. As nitrification requires oxygen, it will

be enhanced by photosynthesis (Eriksson and Weis-

ner 1999; Risgaard-Petersen et al. 1994). In our

study, coupled nitrification–denitrification is less

important because sufficient nitrate was available

and ammonium concentrations were low.

Despite the different denitrification rates, overall

nitrate removal rates observed during the experiment

were similar for all treatments in the light. Denitri-

fication only accounted for ca. 6% of the nitrate

removal. Most of it was probably removed by plant

uptake. Both E. nuttallii and L. minor are capable of

rapid nitrate uptake from the water column (Ceder-

green and Madsen 2002; Ozimek et al. 1993). An

uptake rate of 0.1 mg N g-1 plant dry weight h-1

(Cedergreen and Madsen 2002) would imply that

77% of nitrate removal in our experiments could be

attributed to uptake by plants. In the microcosms

without macrophytes, nitrate assimilation by algae

may explain part of the nutrient removal during the

light period.

It is possible that dissimilatory nitrate reduction to

ammonium (DNRA) may have removed some of the

nitrate from our systems too. However, DNRA uses

more carbon per nitrate than denitrification and will

therefore only be favored over denitrification when

nitrate becomes limiting (Burgin and Hamilton

2007), which did not occur in our systems. It is

therefore likely that denitrification was the dominant

pathway for N-reduction in our systems.

Denitrification rates compared to natural systems

Our microcosm setup allowed us to isolate the effects

that different functional groups of macrophytes may

have on denitrification rates. Rather than distinguish-

ing between denitrification in the water column,

biofilm and sediment, we considered effects of

macrophytes on the whole system, as effects of

macrophytes in the water column may also influence

sediment biogeochemical processes. Nonetheless,

there are of course profound differences between

our microcosms and many natural systems. For

example, natural systems have deeper sediments.

Therefore, sediment denitrification may play a larger

role than in our microcosm experiment. Importantly,

if sufficient nitrate is available, denitrification may

continue in deeper layers of the sediment even if the

upper sediment layers are oxygenated. Also, the

degree to which oxygen produced in photosynthesis
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affects denitrification rates will vary with factors such

as plant density, respiration rates, and bioturbation

(Mermillod-Blondin et al. 2008).

Although denitrification rates in our microcosms

were similar to those found in littoral plant covered

sediments and mesotrophic lakes (Christensen and

Sorensen 1986; Seitzinger 1988), rates observed in

agricultural ditches and streams are an order of

magnitude higher (de Klein 2008; Smith et al. 2009).

The high denitrification in such systems could be due

to the fact that they receive very high nutrient loads

(Janse and Van Puijenbroek 1998) and also tend to

contain large quantities of organic matter (Needel-

man et al. 2007; Smolders et al. 2006).

Phosphorus release

Obviously, from a practical nutrient management

perspective it is important to consider effects of

macrophytes not only on nitrogen but also on phospho-

rus. Although the low dissolved oxygen concentration

under the floating vegetation stimulated denitrification

rates, it also reduced the P-binding capacity of the

sediment, which led to increased water column phos-

phorus concentrations. In natural systems this may lead

to eutrophication of connected waterbodies. Further-

more, the combined nitrogen removal and phosphorus

release may alter the systems chemical stoichiometry,

which may affect ecosystem functioning in various

ways (Sterner and Elsner 2002).

Our findings illustrate the strong interaction

between biota and chemistry in aquatic systems.

While increased nutrient loads are a major driver of

aquatic vegetation presence and type (Scheffer 1998),

our results show that such an alteration of vegetation

in turn has profound effects on nutrient dynamics.
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