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Abstract
Photosynthetic (PN) and dark respiration rate (RD) were measured in two species of aquatic carnivorous plants, Aldrovanda vesiculosa and

Utricularia australis, growing with or without prey in an outdoor growth experiment. After 7–14 days, the positive growth effect of feeding on prey

(apical growth rate, plant size, branching) was evident in both species. Tissue N content in young leaf whorls of both species fed on prey was

significantly lower (by 54% in Aldrovanda, by 86% in Utricularia) than that in unfed variants, while tissue P content was about the same. In both

species, chlorophyll a content was consistent with tissue N content and RD in fed and unfed variants was very similar. However, PN was

significantly greater in fed plants of Aldrovanda, while lower in Utricularia. It is possible to conclude that feeding on prey in aquatic carnivorous

plants leads to neither an increase of shoot tissue N content nor PN per unit biomass. Thus, the main physiological effect of catching prey is not

enhancement of PN, but to provide N and P for essential growth processes in juvenile tissues.
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1. Introduction

Aquatic carnivorous plants comprise the species Aldrovanda

vesiculosa L. (Droseraceae) and about 50 species of the genus

Utricularia L. (Lentibulariaceae; Juniper et al., 1989; Taylor,

1989). Generally, rootless aquatic carnivorous plants grow in

shallow standing dystrophic waters and their growth can often

be limited by a shortage of N and P, and also of K in these waters

(for the review see Adamec, 1997a; Ellison, 2006). Contrary to

terrestrial carnivorous plants, most species of aquatic carnivor-

ous plants exhibit very rapid apical shoot growth (1–3 leaf

whorls/day) and high relative growth rate (Friday, 1989;

Adamec, 2000, 2002; Adamec and Kovářová, 2006). Con-

sidering the ecological cost–benefit relationships, Givnish et al.

(1984) hypothesized that carnivory for terrestrial carnivorous

plants provides these plants with a greater mineral nutrient

availability and may lead to increasing a plant’s total rate of

photosynthesis (PN) as a principal effect of its carnivory. This

effect may either be due to an increased PN per unit leaf biomass
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or an increased total leaf biomass that it can support. Although

the hypothesis was verified in some terrestrial species, the

results remain very ambiguous and, generally, PN increase per

unit leaf biomass has not been demonstrated so far (cf. Méndez

and Karlsson, 1999; Ellison and Farnsworth, 2005; Wakefield

et al., 2005).

This hypothesis has never been tested in aquatic carnivorous

plants. To ensure their very rapid growth, aquatic carnivorous

plants exhibit high PN (per unit fresh weight; FW). This high

rate includes the maximum values known within submerged

plants (Adamec, 1997b, 2006). In aquatic carnivorous plants,

prey capture is very important to attain a high growth rate (for

the review see Adamec, 1997a, 2000; Englund and Harms,

2003). However, prey capture in A. vesiculosa led to a slightly

lower tissue N and P content in shoot apices and young shoot

segments, when compared to the control without prey

(Adamec, 2000).

A. vesiculosa and Utricularia australis R.Br. are free-

floating submerged carnivorous plants growing commonly in

the same shallow dystrophic waters (e.g., Kamiński, 1987).

While Aldrovanda is a very rare and critically endangered plant

species throughout its European range (Adamec, 1999), U.

australis represents a very common submerged plant species
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(Taylor, 1989). Unlike Aldrovanda, which is considered to be

rather stenotopic (Adamec, 1999), U. australis behaves as a

eurytopic species (Adamec and Kovářová, 2006). In the present

paper, PN and dark respiration rate (RD) were measured in A.

vesiculosa and U. australis plants growing with or without prey

in an outdoor culture. Apical growth rate, shoot N and P

content, chlorophyll content, and photosynthetic CO2 com-

pensation point were also estimated. The aim was to assess

whether photosynthesis and related processes are influenced by

prey capture.

2. Materials and methods

2.1. Experimental plants

Plants used for laboratory experiments and analyses were

taken from a 14-day outdoor growth experiment (from 26 July

to 9 August 2006). A. vesiculosa (collected originally from

Lake Długie, E Poland) used for the growth experiment was

grown outdoors in a 1 m2 plastic container with a substrate of

Carex sp. litter (see Adamec, 1997b). U. australis (collected

originally from Třeboň region, Czech Rep.) was grown

outdoors in a 2 m2 plastic container with a culture of

Nymphoides peltata. On 26 July, 14 unbranched plants of

Aldrovanda from the stock culture were shortened to 10 adult

leaf whorls (shoot length 6.3–8.3 cm). The internode between

the second and third adult whorls was tagged carefully by a

short piece of fine thread for measuring the apical shoot growth

rate. The plants were transferred to floating plastic frames (see

Adamec, 2000; Adamec and Kovářová, 2006). Simulta-

neously, 14 unbranched plants of Utricularia from the stock

culture were shortened to 20 adult leaf whorls (shoot length

10.3–16.9 cm), tagged in an analogous way between the

second and third adult leaf whorls (Adamec and Kovářová,

2006), and placed within different floating plastic frames. As

both species have quite different number of adult whorls and

shoot length (Adamec and Kovářová, 2006) the different

original number of whorls in both species was selected. In this

way, the physiological age of shoots of both species was

similar. The floating frames were 0.3 m � 0.3 m by about 6 cm

depth and had solid walls to retain plants within each frame. To

some frames mesh with a pore size of 150 mm was placed on

the bottom; to exclude zooplankton but maintain unimpeded

water exchange with the ambient water. The frames with nets

represented the experiment without prey. Fourteen parallel-

tagged plants of each species of the same size as above were

placed in identical floating bottomless frames that lacked a

bottom of fine plastic mesh. These frames allowed the plants to

fully capture zooplankton. These frames kept the plants

together and served as controls for the prey. All frames, with

and without nets, with the plants inside floated on the surface of

the same 2.5 m2 plastic cultivation container. A substrate of

Carex litter covered its bottom.

The container mimicked a shallow dystrophic pool in which

both species occur naturally. Thus, all plants grew in uniform

conditions but those within nets were deprived of prey. The

position of the nets and frames varied randomly within the
container. Every other 2 days, the mesh on the floating frames

with nets was cleaned and washed by tap water. Fine

zooplankton (copepods, ostracods, size 0.6–2 mm) was added

repeatedly to the container to feed the control plants. During the

growth experiment, the minimum water temperature at plant

level in the nets and frames varied between 14.1 and 22.1 8C.

The maximum water temperature at plant level varied between

16.6 and 30.9 8C. The difference between temperatures of the

nets and frames never exceeded 0.6 8C. The irradiance at plant

level was 70–80% of the incident light in the adjacent open

area. Basic water chemistry parameters were estimated in the

cultivation water at the beginning and at the end of the growth

experiment (for the methods see Adamec, 2000). The water was

rather poor in mineral nutrients (14–15 mg L�1 NO3
�-N; 15–

87 mg L�1 NH4
+-N; 10–17 mg L�1 PO4-P). Over the course of

the experiment, pH was 6.90–7.27, [O2] 0.15–0.25 mM, total

alkalinity 0.60–0.92 mequiv. L�1, and [CO2] 0.1–0.2 mM. No

difference in pH and [CO2] was measured between the frames

with and without nets.

2.2. Estimation of apical shoot growth rate

The number of adult leaf whorls, position of the tag, and

branching of shoots were estimated in all plants at 3–4-day

intervals (for all details see Adamec, 2000; Adamec and

Kovářová, 2006). Main shoot length was measured at the end of

the growth experiment. Since the stock plants of both species

captured prey before the start of the growth experiment, this

effect could influence an initial period of the experiment.

Therefore, the apical shoot growth rate (as new leaf whorls/day)

was taken into account only between the 7th and 14th day.

2.3. Gasometric measurements

One to two days after the 14-day growth experiment, eight

experimental plants of each species and variant were used for

PN and RD measurements as well as for all other analyses. PN

and RD were measured from the 5th to 6th adult leaf whorls of

Aldrovanda with traps deprived of prey (FW 16–26 mg) and

from Utricularia leaves from the 8th to 10th adult leaf whorls

deprived of all traps (FW 8–24 mg). Aldrovanda traps were

deprived of caught prey as the prey was usually large and could

influence both PN, RD, and biomass measurements. Utricularia

leaves were deprived of traps as trap PN is known to be 7–10

times lower per unit FW than that of trapless leaves (Adamec,

2006). RD and PN were measured in a solution of 1 mM

NaHCO3 with 0.5 mM KCl and 0.1 mM CaCl2 (80–90% O2

saturation) in a 5-mL stirred chamber (kept at 22.0 � 0.1 8C). A

Clark-type oxygen sensor and a pen recorder (for details see

Adamec, 1997b, 2006) was used. The initial pH of the solution

was 7.07 and [CO2] was 0.20 mM. After RD had been

measured in darkness for 15 min, a light was switched on

(halogen reflector, 400 mmol m�2 s�1 PAR) and PN was

measured for 15 min. FW was then determined for all

measured leaves (the fluid was pressed out from Aldrovanda

traps), while dry weight (DW; 80 8C) was estimated in pooled

samples.
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All measurements were repeated 8 times for the same

conditions for a different plant material. RD and PN are

expressed in mmol kg�1
FW h�1. Chlorophyll a content was

determined in the measured plant material (Pechar, 1987) in

five replications. To assess the quantity of captured prey, the

percentage of traps with any recognizable prey in the eight

experimental plants was estimated using a binocular loupe in

the adult 5th to 6th leaf whorls in Aldrovanda, and in the 10th

whorls of Utricularia. To estimate CO2 compensation point

(CP) of photosynthesis as a measure of CO2 affinity, an outdoor

end-pH experiment was performed using parallel plant material

from the growth experiment (apical shoot segments 5 cm long,

with traps, in Aldrovanda and 7 cm long in Utricularia). CO2

CPs were estimated in 10 mL test tubes in the above NaHCO3

solution in natural light (550–900 mmol m�2 s�1) at 21 � 1 8C.

The end-pH values were measured after a 5-h exposure in five

replications (Maberly and Spence, 1983; Adamec, 1997b).

2.4. Tissue nutrient content and statistical treatment

N and P content was determined colorimetrically in adult 3rd

to 4th leaf whorls with traps in Aldrovanda and in 6th to 7th

trapless leaf whorls in Utricularia after acid mineralization (for

all details see Adamec, 2002). Five replications were used for

each variant. Throughout the paper, the mean with standard

error was provided wherever possible. Significant differences

were evaluated by a factorial two-way ANOVA (species and

feeding as fixed effects, Tukey HSD test for multiple

comparisons) and apical shoot growth rate by a two-tailed t-

test.

3. Results

At the end of the growth experiment after 15 or 16 days, both

Aldrovanda and Utricularia plants without prey had virtually

no prey in their traps, while the control plants with prey had

about 43 and 4.2% traps with prey, respectively (Table 1). Fed

plants of both species were found to be longer (only in

Utricularia significantly), and had significantly more adult leaf

whorls on the main shoot than unfed plants. Effect of prey

application interacted significantly with species only for shoot

length but not for adult leaf whorls. As early as day 7 of the
Table 1

Growth characteristics of Aldrovanda vesiculosa and Utricularia australis grown

Species or parameter

of ANOVA

Prey Traps with

prey (%)

Shoot

length (cm)

A. vesiculosa + 43.4 � 6.1 13.3 � 0.4

A. vesiculosa � 0.0++ 10.6 � 0.3ns

U. australis + 4.22 � 0.59 38.9 � 2.2

U. australis � 0.0ns 28.0 � 1.4++

Species – *** ***

Prey – *** ***

Species � prey – *** **

Apical shoot growth rate was evaluated within the 7th to 14th day of the experiment.
nsp > 0.05; significance (between species, prey application, and species � prey i
nsp > 0.05.
experiment, the fed and unfed plants showed a highly

significant difference in the number of leaf whorls in

Aldrovanda ( p < 0.01). Yet the difference was only weakly

significant in Utricularia ( p < 0.055; data not shown). The

apical shoot growth rate of fed control plants was by 33–53%

higher than that of the unfed variants in both species between

the 7th and 14th day of the growth experiment. However, these

differences were not statistically significant at p < 0.05

(Table 1). A marked but non-significant difference in shoot

branching was found between the fed and unfed Aldrovanda

plants, while only a small and non-significant difference was

found between Utricularia plants. Overall, the positive growth

effect of feeding on prey was evident in both species.

Tissue N content in young leaf whorls of both species fed on

prey was significantly lower (by 54% in Aldrovanda, by 86% in

Utricularia) than that in unfed variants (Table 2). Tissue P

content in these leaf whorls was significantly different between

fed and unfed variants only in Utricularia and the species �
prey interaction was highly significant. Feeding on prey had no

significant influence on chlorophyll a content in measured leaf

whorls of Aldrovanda, while the content from the unfed variant

was highly significantly greater (by 65%) in Utricularia

(Table 2). In both plant species, RD in fed and unfed variants

was very similar. However, PN was quite significantly greater in

fed plants of Aldrovanda, while lower in Utricularia and the

interaction between species and prey was highly significant.

The photosynthetic CO2 CP was the same in fed and unfed

Aldrovanda, but it was highly significantly greater in the control

plants of Utricularia fed with prey (9.2 mM vs. 5.2 mM;

Table 2). In Utricularia, the photosynthetic CO2 affinity was

consistent with PN and chlorophyll content.

4. Discussion

Although both species grew considerably faster as a result of

feeding on prey (plant size, branching, apical shoot growth;

Table 1), the relative quantity of feeding as a basis for

ecophysiological responses was markedly different in both

species. Aldrovanda displayed marked differences in feeding,

while differences in Utricularia remained weak. However, it is

possible that both species respond to prey and to nutrient

availability in a different way as quantitatively shown in the
with (+) or without prey (�) in an outdoor culture for 14 days

Adult leaf whorls

of main shoot

Apical shoot growth

rate (whorl/day)

Branches

(plant�1)

17.6 � 0.4 0.29 � 0.06 0.42 � 0.15

14.6 � 0.2++ 0.19 � 0.04ns 0.00ns

49.4 � 0.6 1.16 � 0.16 0.64 � 0.13

45.8 � 0.7++ 0.87 � 0.18ns 0.50 � 0.15ns

*** – **

*** – *

ns – ns

Mean � S.E. are shown; n = 14. Significance (within each species): ++p < 0.01,

nteraction) on the bottom of the table: ***p < 0.001, **p < 0.01, *p < 0.05,



Table 2

Physiological characteristics of A. vesiculosa and U. australis which had been grown with (+) or without prey (�) for 15–16 days

Species or

parameter

of ANOVA

Prey DW

(% FW)

Tissue content (% DW) Chlorophyll a

content

(mg kg�1
DW)

RD

(mmol kg�1
FW h�1)

PN

(mmol kg�1
FW h�1)

Compensation

point CO2 (mM)

N P

A. vesiculosa + 10.9 1.48 � 0.16 0.136 � 0.004 2.39 � 0.13 8.97 � 0.72 34.1 � 1.5 5.13 � 0.44

A. vesiculosa � 8.74 2.28++ � 0.23 0.126ns � 0.004 2.64ns � 0.07 8.17ns � 0.81 21.5++ � 2.2 4.95ns � 0.16

U. australis + 11.5 0.81 � 0.04 0.130 � 0.008 1.84 � 0.08 7.42 � 0.93 66.7 � 1.6 9.20 � 0.89

U. australis � 11.5 1.50+ � 0.06 0.166+ � 0.013 3.03++ � 0.14 7.89ns � 0.68 89.2++ � 3.7 5.20++ � 0.34

Species – – *** * ns ns *** ***

Prey – – *** ns *** ns ns **

Species

� prey

– – ns ** *** ns *** **

RD and PN were measured in 5th to 6th adult leaf whorls with traps in A. vesiculosa, while in excised trapless leaves from the 8th to 10th leaf whorls in U. australis;

n = 8. Other parameters, n = 5. Mean � S.E. are shown where possible. Significance (within each species): ++p < 0.01, +p < 0.05, nsp > 0.05; significance (between

species, prey application, and species � prey interaction) on the bottom of the table: ***p < 0.001, **p < 0.01, *p < 0.05, nsp > 0.05.
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recent field-growth study (Adamec and Kovářová, 2006). Due

to the very high-feeding rate of Aldrovanda in this present

study, it is obvious that the plants could take up a large amount

of organic substances from prey. Yet PN of fed plants was not

self-inhibited and its high value contrasted with relatively low

tissue N and chlorophyll content (Table 2). In contrast,

Utricularia captured only a small amount of fine prey, but PN

and CO2 affinity of the fed plants were significantly lower.

However, as follows from Table 2, chlorophyll-based PN was

higher in fed plants of both species. Yet photosynthetic effects

of prey application were clearly species specific.

Under favourable growth conditions, aquatic carnivorous

plants with linear, modular shoot structure exhibit very fast

apical shoot growth and high relative growth rate (Friday, 1989;

Adamec, 2000; Adamec and Kovářová, 2006). Due to the

relatively low water temperature during the 7th to 14th day of

the growth experiment, the apical growth rate measured in fed

plants of both species (Table 1) was only about 30–35% of that

measured in warm water in the field (Adamec and Kovářová,

2006). Although both species of fed plants grew relatively

slowly, low tissue N content in adult leaf whorls of fed plants

suggests that tissue N was ‘‘diluted’’ by growth processes much

more than in the unfed controls. The same relationship between

tissue N content and growth rate, as dependent on feeding on

prey, was reported in Aldrovanda, not only from a similar

growth experiment (Adamec, 2000) but also ones done on

several species of terrestrial carnivorous plants (Adamec,

1997a, 2002). It was calculated that for rapidly growing

Aldrovanda its daily PN was theoretically sufficient to cover

about 180% of its daily need for carbohydrates, even when no

re-utilization of carbohydrates would occur (Adamec, 1997b).

It is therefore possible to conclude that the growth rate in

both faster growing aquatic and slower growing terrestrial

carnivorous plant species is not limited by photosynthetic rate,

but rather by a shortage of mineral nutrients necessary for

growth processes. Feeding on prey in both ecological groups of

carnivorous plant species clearly does not lead to any increase

of shoot tissue N content (it usually decreases in aquatic ones)

or PN per unit biomass, either. However, it has not been tested

whether the total plant PN is increased in fed plants in both
species. Therefore, the main physiological effect of catching

prey and the associated uptake of mineral nutrients from this

prey are not based on enhancement of PN, as suggested by

Givnish et al. (1984), but on providing N and P for essential

growth processes such as cell division, DNA replication, and

proteosynthesis in young tissues in shoot apices.
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