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Abstract

Phytoplankton and allochthonous matter are important
sources of dissolved organic carbon (DOC) for plank-
tonic bacteria in aquatic ecosystems. But in small tem-
perate lakes, aquatic macrophytes may also be an
important source of DOC, as well as a source or sink for
inorganic nutrients. We conducted micro- and meso-
cosm studies to investigate the possible effects of an ac-
tively growing macrophyte, Vallisneria americana, on
bacterial growth and water chemistry in mesotrophic
Calder Lake. A first microcosm (1 L) study conducted
under high ambient NH4

+ levels (NH4
+ ‡ 10 lM) dem-

onstrated that macrophytes had a positive effect on
bacterial densities through release of DOC and P. A
second microcosm experiment, conducted under NH4

+-
depleted conditions (NH4

+ < 10 lM), examined inter-
active effects of macrophytes and their sediments on
bacterial growth and water chemistry. Non-rooted mac-
rophytes had negative effects on bacterial numbers, while
rooted macrophytes had no significant effects, despite
significant increases in DOC and P. A 70-L mesocosm
experiment manipulated macrophytes, as well as N and P
supply under surplus NH4

+ conditions (NH4
+ ‡ 10 lM),

and measured effects on bacterial growth, Chl a con-
centrations, and water chemistry. Bacterial growth and
Chl a concentrations declined with macrophyte addi-
tions, while bacterial densities increased with P addition
(with or without N). Results suggest that the submersed
macrophyte Vallisneria exerts a strong but indirect effect
on bacteria by modifying nutrient conditions and/or
suppressing phytoplankton. Effects of living macrophytes
differed with ambient nutrient conditions: under NH4

+-
surplus conditions, submersed macrophytes stimulated
bacterioplankton through release of DOC or P, but in

NH4
+-depleted conditions, the influence of Vallisneria

was negative or neutral. Effects of living macrophytes on
planktonic bacteria were apparently mediated by the
macrophytes use and/or release of nutrients, as well as
through possible effects on phytoplankton production.

Introduction

Many studies in both marine and freshwater systems
support the idea of a tight coupling between phyto-
plankton primary production and bacterial secondary
production through phytoplankton-produced dissolved
organic carbon (DOC) [2, 12, 25, 34]. However, unlike
the open ocean, most temperate lakes are small and
shallow, with low pelagic to littoral zone ratios, sub-
stantial allochthonous organic matter inputs, and an
abundance of submersed macrophytes [10, 20, 45, 46].
These properties may have profound effects on the fac-
tors regulating bacterioplankton in fresh waters.

In oligotrophic, eutrophic, and humic lakes, high
rates of respiration in relation to primary production
suggest the presence of other sources of organic carbon
for bacteria in addition to phytoplankton-produced or-
ganic matter [13, 32, 37, 43]. In oligotrophic lakes with
large inputs of allochthonous (mainly terrestrial) carbon,
there is a greater supply of DOC for bacterial growth than
in clear-water oligotrophic lakes less influenced by such
sources [37, 40]. Further, because the littoral zone can
dominate over the pelagic zone on an area basis in many
small and shallow lakes, loading of DOC from littoral
communities can be significant and may be several times
greater than the amount produced by pelagic phyto-
plankton [45]. On a unit-area basis, typical annual net
primary productivity of submersed macrophytes is esti-
mated to equal or exceed that of phytoplankton in the
majority of freshwater systems [46]. Aquatic macrophytes
release a portion of this fixed carbon into the waterCorrespondence to: A.A. Huss; E-mail: aperrone@fordham.edu
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column as DOC while living and also upon senescence. In
marine [9, 33] and freshwater [20, 38, 44] systems, ac-
tively growing macrophytes are estimated to release be-
tween 1 and 10% of their fixed C as DOC into the water
column. Furthermore, studies have demonstrated that
with experimental additions of macrophyte-derived DOC
to both Ogeechee River and Hudson River bacterial as-
semblages, large increases in rates of bacterial production
are observed [17, 18]. In Calder Lake (NY), a small
temperate lake with a large assemblage of submersed
aquatic macrophytes, DOC from non-phytoplankton
sources may play an important role in supplying energy
for bacterial production, although mainly as detritus in
the autumn [43].

Rates of bacterial production can also be limited by
inorganic nutrients, particularly N and P. Several studies
have demonstrated that organic substrate enrichment
alone does not always increase bacterial growth, but ad-
ditions of inorganic phosphorus are often stimulatory
[14, 26, 39]. Bacterial growth responses to nutrient en-
richment (with and without phytoplankton) similarly
demonstrate that N and P can directly limit bacterial
growth when either is in short supply [41, 42], including
microbial communities in mesotrophic Calder Lake [26,
39]. Bacterioplankton production was significantly
stimulated by P additions as little as 0.05 lM [39]. This
phenomenon can cause an uncoupling of bacterial and
phytoplankton production [26] and alter rates of P and N
retention within the epilimnion [42].

Many investigators have shown that aquatic macro-
phytes play an important role in nutrient cycling in many
freshwater systems [3, 10, 11, 46, 48]. Specifically, in-
teractions between submersed rooted macrophytes and
both sediments and overlying water may result in in-
creases or decreases in nutrient levels within the water
column. Experiments with Scripus and Myriophyllum
have shown that during active growth, the littoral zone
could act as a nitrogen sink [30]. Significantly, foliar
uptake of N by Myriophyllum may dominate N uptake at
ambient concentrations >7 lmol NH4

+-N/L and can
supply more N to the plants than do roots [31]. In
general, the major route for P uptake by aquatic plants
appears to occur from sediments via their roots [3, 11].
These and other studies [28, 29] have suggested that P is
translocated from roots to shoots where it may be re-
leased by actively growing macrophytes. However, in
many of these systems including our study lake, macr-
ophytes may become dislodged but continue growing in
a free-floating condition for several weeks, where they
presumably use water-column nutrients exclusively. Be-
cause bacterial growth can be limited by the availability
of N, P, and/or DOC, aquatic macrophytes may exert an
indirect but important influence on bacterioplankton
production and biomass through nutrient uptake and
release in smaller lakes.

To test the hypothesis that living macrophytes may
have a significant effect on growth of bacterioplankton,
experiments were performed using the macrophyte
Vallisneria americana in micro- and mesocosms with
water from a small mesotrophic lake (Calder Lake) lo-
cated in New York, USA. Vallisneria is found mostly in
eastern North America [4, 24]; however, its distribution
has been documented in western North America [27]
and as far south as the Gulf of Mexico [16]. Vallisneria
was used because it is the most abundant macrophyte in
Calder Lake and is widespread in many freshwater ec-
osystems. Objectives of this study were to determine (1)
if there is an effect of Vallisneria on bacterioplankton
densities and if so, whether this influence is positive or
negative; (2) whether Vallisneria rooted in sediment
exert a different effect on bacterial densities than free-
floating plants; and (3) how ambient nutrient condi-
tions alter the effects Vallisneria may have on bacterio-
plankton growth.

Methods

Study Site and Experimental Setup. Three experiments
were performed during July and December 1996 and
August 1997 at the Louis Calder Center, the biological
field station of Fordham University in Armonk, New
York [43]. Lake water and bacterioplankton from Calder
Lake, a small (3.9 ha) mesotrophic, dimictic lake (mean
depth 2.9 m, max depth = 7 m), was used in all three
experiments. Dense populations of submersed macro-
phytes, dominated by Vallisneria americana (termed
‘‘Vallisneria’’ hereafter), cover >50% of the lake bottom
from May through October. Although actively growing
Vallisneria is not found in lakes during December, lake
water was also collected during this month to add a
temporal component with regard to differences in water
chemistry.

Vallisneria plants for experiments were grown from
turions (F & J Seed Service, Woodstock, IL) in sediment-
filled pots (3 turions/pot) and placed in nursery tubs
filled with well water. In each experiment we used epi-
phyte-free plants and tried to match the size of the plant
with the size of the container; therefore, the average plant
biomass varied between all three experiments (plant
biomass 3.8 g/L, 1.2 g/L, and 0.6 g/L, respectively). Sed-
iment was collected from a macrophyte-free (shaded)
pond at the field station, as pilot studies using Calder
Lake sediment resulted in contamination by other
macrophytes (e.g., Najas flexilis, Chara spp.). In the first
two experiments, plants were used when they reached
lengths >25 cm. Half were rinsed and rerooted into 30-
mL plastic bottles containing twice-autoclaved pond
sediment (to reduce macrophyte contaminants and
spore-forming microbes), and the other half were re-
moved from sediment pots and left free-floating. A sili-
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con plug was used to seal the opening of the bottles to
prevent the sediment from leaking (nutrient effects were
nonsignificant). The third mesocosm experiment (see
below) used Vallisneria plants (three per pot) rooted in
2-L sediment-filled pots, plus plant-free pots with oth-
erwise identical sediment. Periphyton growth was noted
in most tanks. We did attempt to quantify the periphy-
ton, but our attempts were unsuccessful. For all experi-
ments, surface lake water (1 m depth) was collected by
pump at a location 3–5 m from the shore; a coarse screen
(�5 mm) prevented collection of adult fish.

Experimental Design. Three experiments addressed
the general question of whether Vallisneria affects bac-
terial abundance; two were run in 1 L polycarbonate
microcosms (�0.9 L each) and one experiment using 70-
L mesocosms. Each examined macrophyte effects from a
different perspective.

Macrophyte–Phytoplankton Experiment. In July
1996, a 2 · 2 factorial design (n = 5 per treatment) in-
vestigated the effects of presence or absence of macro-
phyte and presence or absence of phytoplankton on
bacterial abundance and water chemistry in microcosms
incubated in situ with 900 mL lake water. The average
daily water temperature was 23�C. The macrophyte
treatments included one or no sediment-rooted Val-
lisneria, while the phytoplankton treatment contained
unfiltered or filtered lake water (Whatman GF/C; �2 lm
pore size, based on prior experiments [39]). A fifth nested
treatment (no sediment) investigated possible interactive
effects of macrophytes vs sediment (an indirect nutrient
source) on bacterial abundance and water chemistry. One
set of time-zero samples was collected at the start of the
experiment, then all microcosms were sampled every 48 h
for 8 days.

Macrophyte–Sediment Experiment. This experiment
(December 1996) tested the hypothesis that Vallisneria not
rooted in sediment (‘‘free-floating’’) exerts a greater effect
on bacterial abundance than Vallisneria rooted in sedi-
ment. A 2 · 2 factorial design (n = 5 per treatment) in-
vestigated interactive effects of macrophytes and sediment
on bacterial abundance and water chemistry using the
same polycarbonate microcosms described above, but in-
cubated in aquatic tanks in a greenhouse at 15�C. The four
treatments were (1) one free-floating Vallisneria plant; (2)
one Vallisneria plant rooted in sediment (bottle sealed as
above); (3) one 30-mL sediment-filled bottle; and (4)
neither Vallisneria nor sediment. Samples were collected at
0 h, 8 h, and every 24 h for 1 week.

Macrophyte–Nitrogen–Phosphorus Experiment. A
mesocosm experiment (August 1997) tested whether
Vallisneria stimulates or inhibits bacterial abundance and

algal production in the presence or absence of added
nutrients (N and P), as well as their interactive effects.
Mesocosms (8 treatments · 5 replicates = 40 tanks) were
each filled with 70 L of unfiltered lake water and gently
aerated. Mesocosms were locations in a greenhouse and
water temperature was measured daily. Average daily
water temperatures ranged from 20 to 25�C. Treatments
in the 2 · 2 · 2 factorial were (1) ± macrophytes, (2) ± 2
lmol/L KH2PO4, and (3) ± 10 lmol/L NH4NO3 (a sec-
ond nutrient pulse was added to + nutrient mesocosms
on day 11). Treatments with macrophytes included three
Vallisneria plants rooted in sediment-filled pots; non-
macrophyte treatments had only sediment-filled pots.
Lake water at time zero was collected from five random
mesocosms before treatments were added. Samples were
collected from all 40 mesocosms 12 h after addition of
treatments and subsequently on days 2, 5, 7, 10, 14, 17,
and 22.

Laboratory Analyses

Bacterial counts were performed using the DAPI direct
count technique [35]. Bacteria were filtered onto a
25-mm (Irgalan) black 0.2-lm polycarbonate filter,
preserved with 2% glutaraldehyde, and stained with 400
lL of 4’,6-diamidino-2-phenylindole (DAPI). Counts
(minimum 300 cells per sample) were made using a
Nikon epifluorescence microscope with a UV-2A filter
set (excitation 330 nm; barrier 420 nm) at a magnifi-
cation of 1000·. Chlorophyll a (Chl a) concentrations
(macrophyte–nitrogen–phosphorus experiment) were
measured by filtering 1000 mL of lake water (Whatman
GF/F), and extracted cold ()20�C) in neutral 90% ace-
tone, measured spectrophotometrically, and corrected
for pheophytin-a [1].

Water chemistry methods were identical for all ex-
periments. Dissolved organic carbon (DOC) was ana-
lyzed following removal of inorganic-C via acid sparging
and then digesting with acid persulfate and UV. The re-
sultant CO2 was dialyzed and reacted with buffered
phenolphthalein and measured at 550 nm [8, 19] using a
TrAAcs 800 autoanalyzer. Soluble reactive phosphorus
(SRP) was measured using the antimony–ascorbate–
molybdate method [1, 5], ammonium (NH4

+-N) using
the phenol–hypochlorite method [1, 6], and nitrate
(NO3

)) using (after reduction to NO2
) in a Cd–Cu col-

umn) the sulfanilamide-NNED method [1, 7]. Total
dissolved phosphorus (TDP) was predigested using acid
persulfate [15] and then analyzed for SRP as described
above.

Data Analysis

Data from 2 · 2 factorial (microcosm) experiments were
analyzed using two-way ANOVAs to determine the sep-
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arate and interactive effects of Vallisneria and other fac-
tors (phytoplankton, sediment) on bacterial abundance
and water chemistry variables at each sample period.
Data from the 2 · 2 · 2 factorial (mesocosm) experiment
were analyzed using a three-way ANOVA to test the ef-
fects of Vallisneria, nitrogen, and phosphorus, and their
interactive effects on bacterial density, Chl a concentra-
tion, and water chemistry variables. An a priori level of
P = 0.05 was set for all analyses for determining statistical
significance. SYSTAT 5.1 was used to compile and ana-
lyze data [49].

Results

Macrophyte–Phytoplankton Experiment. The main pur-
pose of the first experiment was to consider the separate
and combined effects of live macrophytes (Vallisneria)
and phytoplankton on densities of planktonic bacteria. At
the start of this experiment, dissolved ammonium (NH4

+)
levels in lakewater were relatively high (average NH4

+ �
20 lM), while dissolved nitrate was low (NO3

) � 1 lM;
initial NH4

+: NO3
) molar ratio � 35). Total dissolved

phosphorus was also relatively low (TDP � 0.2–0.5 lM).
Under these conditions, the phytoplankton treatment
had no significant effects on bacterioplankton densities
(Table 1), although densities were consistently greater
with Vallisneria present than without. We also found no
significant effects of phytoplankton treatments on any of
the other measured response variables (all sampling pe-
riods), including concentrations of DOC, NO3

), NH4
+,

SRP, and TDP. Therefore in this and all subsequent ex-
periments, data presented in all figures represent whole
plankton communities with phytoplankton present.

Temporal trends in bacterial numbers (Fig. 1) reveal
that after 48 h, bacterial densities were between 35 and
45% greater (P < 0.05) in microcosms with rooted
macrophytes (+MAC +SED) than without ()MAC
)SED; Fig. 1). However, bacterial densities in the nested

experiment with free-floating macrophytes (+MAC
)SED) were between 40 and 70% less (P < 0.01) than in
microcosms lacking macrophytes, and between 50 and
80% less (P < 0.01) than in systems with rooted mac-
rophytes (Fig. 1). Overall, the lowest bacterial densities
were observed in systems with phytoplankton and free-
floating macrophytes, while the greatest numbers oc-
curred in phytoplankton-free microcosms with rooted
macrophytes.

Other key variables were also significantly affected.
NO3

) concentrations were strongly and significantly lower
(45–60%; F = 42.2 to 124.4; P < 0.001) in microcosms
with macrophytes, whether rooted or free-floating. In
contrast, dissolved organic carbon (DOC) concentrations
averaged � 30% greater (F = 13.3 to 36.6; P < 0.01) in
systems with rooted macrophytes. In those microcosms
with rooted macrophytes, � 75% of ambient NO3

) was
depleted within 4 days, while DOC concentrations in-
creased by 20% over time. Lowest DOC concentrations
were observed in microcosms without macrophytes (and
phytoplankton present). Phosphorus concentrations
tended to increase over time, a pattern roughly the in-
verse of that observed for bacterioplankton (Fig. 1).
Greatest TDP concentrations (F = 26.48; P < 0.001) oc-
curred in systems with free-floating macrophytes (+MAC
)SED), while greatest SRP occurred in systems with
rooted (+MAC +SED) macrophytes (day 6: F = 8.94; P <
0.01). Generally, the lowest TDP concentrations were
observed in microcosms lacking both phytoplankton and
macrophytes (4.2–6.8 lg P/L; phytoplankton effect
nonsignificant). No significant effects of macrophytes on
NH4

+ concentrations were observed.

Macrophyte–Sediment Experiment. The second ex-
periment tested the combined and interacting effects of
macrophytes and their sediments in a complete factorial
design. At this time, total lakewater DIN (�25 lM) was
similar to that in the previous experiment, but NH4

+ had

Table 1. Differences in densities (·106 cells/mL) of bacterioplankton (mean ± SE) as affected by macrophyte and phytoplankton
treatment in the 2 · 2 factorial macrophyte — phytoplankton experimenta

+ macrophyte )macrophyte ANOVA

Day 4
+ phytoplankton 5.57 ± 0.24 3.61 ± 0.22 Macro effect F = 15.09**

Phyto effect F = 2.289 NS
) phytoplankton 8.67 ± 0.87 4.11 ± 0.44 Macro · phyto F = 6.197*

Day 6
+ phytoplankton 5.88 ± 0.81 4.65 ± 0.81 Macro effect F = 10.65**

Phyto effect F = 0.002 NS
) phytoplankton 7.09 ± 0.82 3.54 ± 0.18 Macro · phyto F = 2.675 NS

Day 8
+ phytoplankton 5.29 ± 1.79 3.92 ± 0.53 Macro effect F = 4.160 +

Phyto effect F = 0.055 NS
) phytoplankton 6.35 ± 0.13 3.45 ± 0.30 Macro · phyto F = 0.459 NS

aData are shown for those days in which significant macrophyte effects were observed (** = P < 0.01; * = P < 0.05; + = P < 0.10).
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decreased from �20 lM to �7 lM, while dissolved NO3
)

had increased to �20–23 lM (initial NH4
+: NO3

) molar
ratio � 0.38). Phosphorus levels remained low (initial
TDP � 0.2 lM). As in the previous experiment, bacte-
rioplankton densities were between 20 and 35% less (days
3–7: F = 5.69 to 9.56; P < 0.05) in microcosms with free-
floating macrophytes (+MAC )SED) compared to sys-
tems with rooted macrophytes (+MAC +SED; Fig. 2),
and compared to those without macrophytes (25–45%;
day 7: F = 6.08; P < 0.05). After 24 h, bacterial numbers
declined over time by almost 60% in microcosms with
free-floating macrophytes, from 7.4 to 3.1 · 106 cells/mL,
but in systems with sediment-rooted plants, this decline
was �28% (Fig. 2). It appears that free-floating macro-
phytes exerted a stronger effect on bacterial numbers;
however, only one macrophyte · sediment interaction
effect on bacterioplankton was detected (day 4: F =
11.70; P < 0.01) over the course of this experiment.

Water chemistry conditions were again affected by
macrophyte treatments. Similar to the first experiment,
NO3

) concentrations were significantly lower in systems
with macrophytes, rooted or free-floating (10–25%; P <
0.05), while DOC concentrations were slightly (�10%)

but significantly greater with macrophytes present (days
3, 6, and 7). These effects on NO3

) were more pro-
nounced with free-floating macrophytes (+MAC )SED)
than with rooted macrophytes (+MAC +SED). ANOVA
identified several macrophyte · sediment interactions
with NO3

) (F = 6.71 to 13.74; P < 0.05), as well as a
significant interaction for DOC (day 8: F = 8.26; P <
0.05). DOC effects were in general less pronounced, with
concentrations 5–15% greater in systems with rooted
than with free-floating macrophytes (days 2–7; F = 5.69
to 5.78; P < 0.05). An important difference from the
earlier experiment was that NH4

+ concentrations (after 8
h) declined by >70% in the presence of macrophytes
within 48 h and were significantly less than in micro-
cosms without Vallisneria throughout the study
(F = 22.2 to 532.9; P < 0.001). The sediment treatment
had no statistically significant effect on this phenomenon,
although initial declines (the first 48 h) of NH4

+ were
apparently more rapid with free-floating macrophytes
(+MAC )SED) compared to rooted macrophytes
(+MAC +SED; Fig. 2). NH3

+ was depleted to 13.4 lg N/L
(�0.96 lM), levels substantially less than observed at any
time in the previous experiment. SRP levels showed no

Figure 1. Effect of a rooted macrophyte,
Vallisneria americana, on bacterial densities
and water chemistry in Calder Lake
microcosms; a nested experiment compared
the effect of free-floating Vallisneria on
bacterial densities and water chemistry
(means ± SE, n = 5).
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clear temporal trends, but were 40–60% greater
(F = 13.26 to 15.37; P < 0.05) in microcosms with
macrophytes than in those without (days 2, 6, and 7). By
the end of the experiment, TDP concentrations were
�30% greater in microcosms with macrophytes
(F = 8.51; P < 0.01; no sediment effect). The root–sedi-
ment interaction effect was less apparent for phosphorus
concentrations in this experiment, although SRP con-
centrations were �25% less in microcosms with free-
floating macrophytes than with rooted macrophytes
(F = 6.93; P < 0.05).

Macrophyte–Nitrogen–Phosphorus Experiment. The
third experiment used a three-way factorial design in 70-
L mesocosms in order to increase the temporal scope of
the study (21 days). Because previous results suggested
that bacteria and nutrients are both affected by sub-
mersed macrophytes, treatments investigated effects of
nitrogen · phosphorus · macrophytes on bacterial
abundance and water chemistry. The larger study also
afforded a consideration of phytoplankton biomass (as
chlorophyll a concentration) as a possible response

variable. Nutrient levels in lakewater at the start of
this experiment (preaddition) were similar to that of the
first experiment, with average DIN � 21 lM, domi-
nated by NH4

+ (�20 lM) over NO3
) (�0.8 lM; NH4

+:
NO3

) molar ratio �32). Initial TDP levels averaged about
0.6 lM.

As observed in prior experiments, bacterial densities
were significantly reduced ()15 to )25%; Fig. 3) in all
systems with macrophytes, versus those without (e.g.,
day 5: F = 4.543, P = 0.040; day 21: F = 10.48, P =
0.003). These differences were detectable within 2–4
days after treatments were applied. The other major in-
fluence on bacterioplankton was the effect of nutrient
manipulations. Bacterial densities were significantly
(�25–40%) greater in mesocosms supplemented with
both N and P (e.g., day 14: F = 5.732, P = 0.028) and
with P only added (15–30%; day 14: F = 4.802,
P = 0.042). In mesocosms with macrophytes present,
bacterioplankton densities were on average 1.6 · 106

cells/mL greater with +N +P added than in nutrient
controls with macrophytes. Only one nutrient · macr-
ophyte interaction effect on bacterioplankton was de-

Figure 2. Effect of a macrophyte, Vallisneria
americana, on bacterial densities and water
chemistry in Calder Lake microcosms, testing
the interactive effects of macrophytes and
sediment (means ± SE, n = 5).
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tected (day 5: N · MAC: F = 11.61, P = 0.004). Within
48 h, phosphorus additions had a greater stimulatory
effect on bacteria without macrophytes (�25%) than
with macrophytes (�15%; Fig. 3). Significant increases in
bacterial densities were not observed in mesocosms with
N added alone, regardless of macrophyte treatment.
Greatest bacterial densities were observed in mesocosms
lacking Vallisneria ()MAC +SED) and P added (day 22:
�9.65 · 106 cells/mL; Fig. 3), while the lowest bacterial
densities were observed on day 2 in mesocosms with
macrophytes (+MAC +SED) and no nutrients added,
following a 50% decline in numbers (mean = 2.51 · 106

cells/mL; Fig. 3).
Phytoplankton biomass, measured as chlorophyll a

(Chl a) concentration, was also responsive to macro-
phyte and nutrient treatments (Fig. 4). But unlike
bacterioplankton, macrophyte effects were not apparent
until 10 days after treatments were applied. After this
lag, Chl a concentrations were between 25 and 50% less
in mesocosms with macrophytes. Additionally, Chl a
concentrations were significantly greater (30–75%; P <
0.05) in mesocosms with added nutrients (N and/or P)
versus nutrient controls, and usually independent of
macrophyte treatment (Fig. 4); no significant nutrient ·
macrophyte interactions were observed. Another parallel
between phytoplankton and bacterioplankton responses
was in the treatments that yielded maximum and
minimum biomass levels. Chl a concentrations peaked
at 6.6 lg/L on day 22 in mesocosms without macro-
phytes and supplemented with P, while minimum Chl a
concentrations (0.45–0.85 lg/L) were observed in

mesocosms with macrophytes and no nutrients added
(Fig. 4).

The influences of nutrient manipulations on nutrient
concentrations were as expected, with distinct and sig-
nificant pulses of N and P in mesocosms receiving those
treatments. N and P levels reached target concentrations
instantaneously and were depleted fairly rapidly (2–4
days), although rates differed (Fig. 5, upper panel; P data
not shown). For example, 4 days after initial nutrient
pulse, NO3

) concentrations declined by �95% (P < 0.05)
in +N +P treatment, but declined by only 40% (P < 0.05)
in the +N treatment without P added, and regardless of
macrophyte treatment. In general, these depletion tra-
jectories were repeated following the second nutrient
pulses on day 11, with one exception. In mesocosms
lacking macrophytes and supplemented with N+P (Fig. 5,
top left), NO3

) concentrations declined to baseline levels,
as observed in all +macrophyte systems. But in macro-
phyte-free mesocosms supplemented with N only, NO3

)

concentrations continued to increase above pulsed levels
(40% greater) over the next 12 days (Fig. 5, top right; all
differences P < 0.001). NO3

) concentrations in all other
mesocosms with +N and +P (+MAC or )MAC) declined
back to nutrient control levels (mean 9.4 ± 1.1 lg N/L) 4
days after nutrients were added. There were no significant
treatment (macrophyte or nutrient) effects on DOC, al-
though all mesocosms exhibited gradual but consistent
increases in DOC over time between nutrient pulses (e.g.,
+MAC +N +P: 4.1 to 5.9 mg C/L), followed by sharp
declines immediately after the second nutrient pulse (Fig.
5, lower).

Figure 3. Effects of a rooted macrophyte,
Vallisneria americana, nitrogen
(NH4NO3), and phosphorus (KH2PO4)
on bacterial densities in 70-L Calder Lake
mesocosms; the experiment tested the
interactive effects of macrophyte and
nutrients (means ± SE, n = 5).
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Discussion

Depending on specific ecological factors, Vallisneria
exerted both positive and negative effects on bacterio-
plankton densities and nutrient chemistry in Calder
Lake micro- and mesocosms. Comparisons among ex-
periments suggest that the direction of the effect on
bacteria was dependent on ambient nutrient conditions,
in particular NH4

+ concentration. We interpret this to
mean that the influence of Vallisneria on bacteria was
likely indirect and mediated by the use and/or release
of nutrients (N, P, or DOC) by these plants. Surpris-
ingly, there was only weak evidence to suggest macro-
phytes influenced bacterial growth through release of
DOC. However, bacterial growth efficiency with macr-
ophyte-derived DOC (as detritus) can be as great as
53% [18]. In the present study, the influence of live
macrophytes was mediated at least in part through
inorganic nutrient dynamics. Vallisneria apparently
could obtain NO3

) or NH4
+ from the surrounding water

as well as from the sediments (based on N-depletion
data), depending on relative concentrations in the wa-
ter. Consequently, the form of N taken up by the
macrophyte and ambient concentrations of N in the
surrounding water collectively may have determined
whether bacterial growth in Calder Lake was N, P, or
DOC-limited. Past data have shown that bacterio-
plankton production can be influenced by one or all of
these nutrient sources [14, 26, 39, 43] at various times.
The role of live macrophytes, however, had not been
previously considered.

In our first experiment, macrophytes (rooted and
free-floating) and phytoplankton were manipulated to
investigate their effects on bacterial densities. Data from
this experiment support the hypothesis that live macro-
phytes can have strong effects on bacterial densities, and
that these effects may be either positive or negative.
During the first experiment, NO3

) concentrations in the
lake were low (4–120 lg N/L), while NH4

+ levels were
high (>12 lM; 180–440 lg N/L). Vallisneria (both rooted
and free-floating) used a significant amount of aqueous
NO3

) as its nitrogen source from the surrounding water,
judging from NO3

) losses in + macrophyte systems (Figs.
1 and 2). Our data showing preferential use of NO3

) when
NH4

+ concentrations are several times greater is contrary
to previous studies. Rates of NH4

+ uptake in the sub-
mersed macrophyte Myriophyllum was four times greater
than for NO3

)-N, even when concentrations of NO3
)-N

were twice that of NH4
+-N in the environment [31]. In

another study, when NH4
+ concentration was � 400 times

lower than NO3
) levels (molar basis) in an inlet stream of

one hardwater lake in Michigan, the dominant source of
nitrogen taken up by macrophytes was NO3

) [30].
Interestingly, the direction of the effect of live Val-

lisneria on bacterioplankton differed between the rooted
and free-floating plants. Significant increases in DOC and
P, along with greater bacterial numbers, were observed in
systems with sediment-rooted Vallisneria; no such in-
creases were observed with free-floating Vallisneria (Figs.
1 and 2). Moreover, bacterial numbers decreased in sys-
tems with free-floating Vallisneria. At that time, it was
not the use of NO3

) by Vallisneria but apparently its in-

Figure 4. Effects of a rooted macrophyte,
Vallisneria americana, nitrogen (NH4NO3),
and phosphorus (KH2PO4) on chlorophyll a
in 70-L Calder Lake mesocosms; the
experiment tested the interactive effects of
macrophyte and nutrients (means ± SE,
n = 5).
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fluence on DOC and P in the surrounding water that had
the greater effect on bacteria. Previous studies have ob-
served low NO3

) uptake by marine bacteria and suggested
that bacteria typically are not limited by NO3

) [22, 47]
because of the high energetic cost of reducing NO3

) [21].
The results of the present study suggest that in NH4

+-rich
environments, where macrophytes use NO3

) as their
primary nitrogen source, bacterial production will pri-
marily be DOC- or P-limited.

In the second experiment, macrophytes and sediment
were manipulated to further investigate the different ef-
fects free-floating and rooted Vallisneria had on bacterial
densities. Although similar negative effects were observed
with free-floating macrophytes as in the first experiment,
this experiment demonstrated that Vallisneria may have a
negative effect on bacterial numbers through other
mechanisms. In December, NO3

) concentrations were 10-
fold greater (140–340 lg N/L) than in July, and NH4

+

concentrations were low (13–130 lg N/L). Under these
conditions, Vallisneria (rooted and free-floating) used a
noticeable amount of both forms of nitrogen from the
surrounding water, but with a much greater proportion of
DIN use coming from the NH4

+ fraction (Fig. 2). Signif-
icant increases in DOC and P were again observed in
systems with rooted and free-floating Vallisneria; bacterial
numbers decreased with free-floating Vallisneria but re-
mained unchanged in systems with rooted Vallisneria. A
possible mechanism for the different effects of free-
floating and rooted macrophytes may be related to the
rates at which Vallisneria (rooted vs free-floating) used
nitrogen from the surrounding water. NO3

) and NH4
+

concentrations declined more rapidly when Vallisneria
was present as free-floating plants. These data suggest that
the negative effect of free-floating Vallisneria on bacteria
was not associated with release of DOC or P, but by DIN
depletion by macrophytes when ambient NH4

+ concen-
trations were already low. Under NH4

+-depleted condi-
tions and where macrophytes use aqueous NH4

+ as a
primary nitrogen source, production of bacterioplankton
may shift from DOC- or P-limitation to N-limitation.

In August, a larger scale (70-L), factorial experiment
attempted to tease apart the mechanisms responsible (N,
P, or DOC availability) for both positive and negative
effects of Vallisneria on planktonic bacteria. This exper-
iment was conducted under low ambient NO3

) (1.4 lM;
� 20 lg N/L) and high ambient NH4

+ (14 lM; � 200 lg
N/L) concentrations. Here, bacterial densities increased
with the addition of P (with or without added N), but
remained stable with the addition of N alone, thus sup-
porting the idea that bacteria are P-limited in an NH4

+-
rich environment. These results are in agreement with
prior nutrient enrichment experiments in Calder Lake
[26]. Experiments have also shown that a P addition as
little as 0.05 lM (+1.5 lg P/L) is sufficient to significantly
stimulate bacterial growth [39].

In contrast to the microcosm experiments, our
mesocosm experiment study observed no increases in
either DOC or P in response to macrophyte additions. A
prior mesocosm study investigating ecosystem properties
in macrophyte-dominated systems observed that the
night-time efflux of inorganic P from sediments was
significantly less with Vallisneria present than in those

Figure 5. Effects of a rooted macrophyte,
Vallisneria americana, nitrogen
(NH4NO3), and phosphorus (KH2PO4) on
nitrate and dissolved organic carbon in 70-
L Calder Lake mesocosms; the experiment
tested the interactive effects of macrophyte
and nutrients (means ± SE, n = 5).
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lacking macrophytes [48]. In our present mesocosm
study, regardless of nutrient treatment, significantly
lower bacterial numbers were measured in all systems
with Vallisneria, which supports the idea that bacteria
may be P- or DOC-limited in an NH4

+-rich (and P poor)
environment. Here, macrophytes apparently used NO3

)

as their main source of DIN. Moreover, this effect was
greatest when N or P was added alone, and substantially
reduced when N and P were added together. On some
dates bacterial numbers were marginally greater (though
nonsignificant) in N- and P-supplemented systems with
Vallisneria. Greatest numbers of bacteria were measured
in systems with P added alone and Vallisneria absent,
while lowest numbers were measured in systems with no
nutrients added and Vallisneria present (Figs. 4 and 5).
We noted (Methods) that average plant biomass differed
among the three experiments. This may have influenced
the magnitude of the effects in each experiment, but the
direction of the effects remained the same.

Surprisingly, in mesocosms lacking nutrient additions
we observed few significant negative effects of Vallisneria
on bacterial numbers. Our data suggest that under these
conditions (NH4

+ surplus) DOC or P levels were apparently
unaffected by the presence of macrophytes. Because Val-
lisneria did not influence DOC or P availability in the water
in this experiment, the observed decreases in bacterial
numbers would not be expected, unless other mechanisms
are also involved. Negative effects of Vallisneria on bacte-
rial production may, however, be linked to their apparent
influence on phytoplankton production, as demonstrated
in the third experiment (Fig. 4). We observed significantly
lower concentrations of Chl a in all mesocosms in which
macrophytes were present, although this effect was less
rapid (� 12 days) than with bacterioplankton (� 4 days). It
has been argued that phytoplankton are strongly affected
by competition for nutrients by submersed macrophytes,
and by reduction of light by-macrophyte foliage [46]. A
recent study has also provided convincing evidence for
allelopathic inhibition of phytoplankton growth and
photosynthesis by submersed macrophytes, including
Myriophyllum spicatum and Ceratophyllum demersum, but
not by Potamogeton pectinatus [23].

Previous studies have suggested that phytoplankton
are the major DOC source for bacteria in many systems
[12, 25, 32, 36], although macrophytes may also be im-
portant [38, 44]. In our mesocosm study, the presence of
macrophytes resulted in lower chlorophyll a concentra-
tions, along with lower bacterial numbers, regardless of
nutrient additions. There are implications from this
study that go beyond the direct and indirect effects of one
macrophyte species on bacterial abundance. These data
support the idea that any DOC released by live macro-
phytes may not make up the difference in total DOC that
might be associated with a reduced supply of phyto-
plankton-produced DOC. As further evidence, the

greatest increase we observed in bacterial numbers and
phytoplankton biomass together occurred in systems
with only P added and no macrophytes (Figs. 3 and 4).
We propose that macrophytes may also have had an in-
direct effect on bacteria by suppressing phytoplankton,
either through nutrient depletion or perhaps allelopathic
interactions. Our mesocosm experiment was also con-
sistent with prior studies indicating that in NH4

+-rich
environments, freshwater bacteria are typically DOC- or
P-limited [14, 26, 39].

In summary, live submersed macrophytes had strong
but complex indirect effects on bacterial numbers, and
these effects were influenced by and mediated through
the availability of the limiting nutrient (N, P, or DOC) in
the surrounding water. Our results specifically suggest
that bacteria living in NH4

+-poor environments (< 10
lM; � 140 lg/L) remained N-limited, but in NH4

+-rich
environments become DOC- or P-limited. Under NH4

+-
rich conditions, the release of DOC or P by Vallisneria
can have a positive effect on bacterial growth. In contrast,
under NH4

+-poor conditions, the macrophyte release of
DOC or P has little effect on planktonic bacteria. Val-
lisneria apparently had negative effects upon bacteria
under both NH4

+-rich and NH4
+-poor conditions, but via

different mechanisms. Under NH4
+-poor conditions, the

negative effect on bacteria was due to the use (and de-
pletion) of N by Vallisneria. In NH4

+-rich environments,
the decrease in bacterial numbers was indirect and likely
due to the macrophytes suppressing phytoplankton, a
major source of DOC.
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