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1. Introduction

About 650 species of vascular carnivorous (Latamis — flesh, vorare — to swallow)
plants occur throughout the world (e.g., Rice, 2006t of the total of about 300,000
species of vascular plants. Carnivorous plantsrgeto 15-18 genera of 8-9 botanical
families and 5 orders (Givnish, 1989; Juniper et2989; Muller et al., 2004; Heubl et
al., 2006; Porembski and Barthlott, 2006; Stdkaj 2006). Due to many remarkable
and striking morphological, anatomical, physiol@jic and ecological features,
carnivorous plants have always attracted considkeraberest of both researchers and
gardeners. Nevertheless, the degree and extemafl&dge of the main disciplines
studying this particular ecological functional plagroup has always considerably
lagged behind the study of non-carnivorous plaftsvever, similar to the dynamically
growing knowledge of non-carnivorous plants, thedgt of carnivorous plants has
developed very rapidly and progressively within kst decade, mainly due to the use
of modern molecular taxonomic approaches. Also,eano@cophysiological research of
carnivorous plants has progressed considerablyirwithe last decade and has
elucidated most of the particulars of carnivorolas. Thus we are increasingly more
able to discuss to what extent carnivorous planésuwmique from or common with
“normal” non-carnivorous plants.

The aim of this paper is to classify and reviewergcexperimental results and
concepts concerning plant carnivory from an ecojothygical point of view, with an
emphasis on mineral nutrition, growth charactersstand comparison of aquatic and
terrestrial carnivorous plants. The latter two seb§ have often been neglected in
previous reviews (cf. Juniper et al., 1989). Thespnt review is focused on mineral
nutrition as it is believed that mineral nutritioepresents the key processes and the
main benefit of carnivory for these plants (Adam#297a; Ellison and Gotelli, 2001).
A new model of “nutritional” cost-benefit relatidmgs is presented. However, there are
several other remarkable ecological phenomena @assdcwith carnivory, e.g., prey-
pollinator conflict (Zamora, 1999), prey attractig@ivnish, 1989), prey selectivity
(Harms, 1999), competition between carnivorous aoi-carnivorous plants (Brewer,
1999a,b), and relationships within inquiline comities in pitcher traps (Gray et al.
2006). Most of these phenomena were thoroughhevesd by Ellison et al. (2003) and
will not be mentioned in this study.

The present review follows from previous review liedtions in this field.
Undoubtedly, Darwin (1875) was the first who sumized multilateral research on
carnivorous plants, even though the main focusi®bbok was aimed at his studying



the irritability of Droseratentacles. He was the first to prove digestion refypand to
reveal that carnivorous plants showed enhancedtgrdvied on insects and/or animal
proteins. Darwin’s book greatly influenced and insg several generations of botanists
and physiologists studying carnivorous plants. Ab@0 years after Darwin, the
knowledge of carnivorous plants, based on litemtitems, were comprehensively
reviewed in a monograph by Lloyd (1942). Physiataginvestigations on carnivorous
plants, focusing on mineral and organic nutrititnap excitation and movement, and
digestive enzyme secretion were reviewed by Lifi®83). Evolution and ecological
cost-benefit relationships of carnivorous plantgenmgiscussed thoroughly by Givnish
(1989) in his review. Carnivorous plant biology,tlwian emphasis on cytology,
anatomy, biochemistry, and physiology, was reviewrddetail in an excellent
monograph by Juniper et al. (1989). This reviewludes all literature sources
published before 1987-1988, and serves as a referést of literature. In the decade
after this monograph appeared, the mineral nutritié carnivorous plants has been
studied intensively. The subjects of mineral anghaic nutrition of carnivorous plants
as key ecophysiological processes associated vathivory were classified and
thoroughly reviewed by Adamec (1997a), who sepbratpalyzed processes in field-
and greenhouse-grown plants and also in terresndl aquatic carnivorous plants.
Modern trends in studying carnivorous plants with @mphasis on phylogenetic
diversity and cost-benefit relationships were resxd in a well-arranged way by Ellison
and Gotelli (2001). Selected ecological phenomend processes associated with
carnivory were reviewed in details by Ellison et @003). Proceedings of a special
Session on “Biology of Carnivorous Plants,” at thérnational Botanical Congress
held in Vienna, Austria, in 2005, were publishediapecial issue of Plant Biology 8(6)
in 2006 (for comments see Porembski and Bartt206). In this special issue, Ellison
(2006) reviewed ecophysiological subjects of natrignitations in carnivorous plants
and identified modern directions for this reseafeially, Guisande et al. (2007) have
recently published a detailed review on the bladder (Utricularia) genus which
includes also some ecophysiological points.

2. Plant carnivorous syndrome

All plants considered carnivorous have to fulfdlveral criteria to separate them from
other ecological plant groups (e.g. saprophytesyextheless, due to a great diversity of
ecological and functional plant traits, these cidteare still partly ambiguous (cf.
Juniper et al., 1989; Adamec, 1997a). Thus, whatedly crucial for a working
definition of “plant carnivory”? Considering thdte main ecophysiological benefit and
consequence of carnivory is the uptake of growtiitihg mineral nutrients from prey,
the criteria for the carnivorous syndrome (i.e stdn of characters) may be as follows:
a) capturing or trapping prey in specialized trap¥, absorption of metabolites
(nutrients) from killed prey, and c) utilization tifese metabolites for plant growth and
development (Lloyd, 1942; Givnish 1989; Juniperlet 1989; Adamec, 1997a). As all
plants are able to absorb organic substances failr(esg. from dead animals), the
criterion of capturing prey in traps, which activédll prey, separates carnivorous from
saprophytic plants. Moreover, Juniper et al. (1988) many later authors state two



other criteria such as prey attraction and digaestidowever, on the basis of recent
knowledge of this issue, it is possible to concltitet these additional criteria are not
indispensable for functioning of carnivorous plamsst, the ability to attract prey has
only been studied and confirmed in a part of camus plants yet and it is not clear
whether or not it occurs in very abundant generacafnivorous plants such as
Utricularia andGenlisea(Givnish, 1989; Guisande et al., 2007; Ptachral.euinpubl.).
Moreover, the study on north EuropeRmguiculaspecies (Karlsson et al., 1987) did
not reveal prey attraction iR. alping in contrast with other species, without the plant
being limited by prey capture. Second, it is gelhermccepted that carnivorous plants
can also digest prey without secreting their owdrhiytic digestive enzymes in traps,
relying only on enzyme secretion by trap commen@alg. Givnish., 1989; Jaffe et al.,
1992; Butler et al., 2008). Thus, these two addélocriteria — prey attraction and
digestion — may rather be considered technicalildetehich can only improve the
efficiency of carnivory but are not indispensalbe €arnivory as such. In an analogy
with parasitic plants (holoparasites and hemipseagi Joel (2002) proposed the term
“holocarnivory” for carnivorous plants secretingeithown digestive enzymes (e.g.
Dionaea, Drosera, Drosophyllum, Pinguicula, Nepe&sthand “hemicarnivory” for
those plants which do not (eBrocchinia Roriduld).

However, the diversity of ecological relationshipsncerning prey digestion is
evidently wider and an additional classificatiomdae based on the way by use of
which carnivorous plants gain nutrients from preggardless of secretion of own
enzymes. All carnivorous plants except fRoridula can gain nutrients from prey
carcasses more-or-ledgectly and such a type of carnivory can be termed agcdir
Two Roridula species, however, capture prolific prey but theyally do not digest it.
The captured prey are grazed by kleptoparasiticiptenan bugPamerideawhich are
found only on theRoridula plants and which defecate on its surface; thetplahsorb
nutrients through specialized cuticular gaps (Edied Midgley, 1996; Midgley and
Stock, 1998; Anderson et al. 2003; Anderson 200Bus, mineral nutrients from prey
are gainedndirectly, through excrements of the bugs as mediator, hisdtype of
carnivory can be termed as “indirect”.

Discussing the carnivorous syndrome, one can mahkeysiological look at plant
carnivory and question to what extent carnivorolants are physiologically unique
within the plant kingdom. In line with Juniper dt 1989, p. 10-11), it is possible to
point out five physiological key processes whicle &ypical and common for plant
carnivory: a) rapid movements of traps; b) thercelophysiological regulation; c)
hydrolytic enzyme secretion; d) foliar uptake ofrients; e) stimulation of root nutrient
uptake by foliar nutrient uptake. Yedll theseindividual processes can also occur in
non-carnivorous plants and, therefore, they arecoafined only to carnivorous plants
and are not unique in this plant group. In carrowar plants, however, they occur very
often and together, forming a coordinated functiamat within which one process is
firmly coupled with another one.

3. Ecological characteristics of terrestrial carnivoraus plants and their habitats



The majority of terrestrial carnivorous plants growbog and fen soils in which they
encounter persistent unfavourable conditions. Thie are usually wet or waterlogged,
at least during the growing period. The only exmeptmay be Drosophyllum
lusitanicum, growing in dry sandy or rocky soil§Adlassnig et al., 2006), or
hemicarnivorous epiphytes such @atopsis berteronianaThe soils are mostly acid
(pH 3-6; e.g. Roberts and Oosting, 1958; Chandidr/Anderson, 1976a; Juniper et al.,
1989, p. 21-22) but some are neutral or slightlgibde.g. Schwintzer, 1978). They
usually contain a high proportion of slowly decomsipg organic matter (plant
remnants). Due to waterlogging, the soils are paftlypoxia) or entirely (anoxia)
deprived of oxygen. Moreover, changing of anaerabid aerobic conditions is also
harmful (post-anoxic injury; Crawford, 1989, p. 1089). In wet soils, decomposition

2-
of organic matter may lead to a high concentratibtoxic HZS (or S) and a low redox

potential. When redox potentials are low, iron andnganese may solubilize and
become toxic to plant roots, while some other natsments may become unavailable
to plants (Crawford, 1989).

It is presumably the very low level of macronuttieavailable to plants which is
the primary unfavourable ecological factor in theeds, that is overcome by carnivory
(Luttge, 1983; Juniper et al., 1989). However, ¢hisra tremendous difference between
the available and total macronutrient content in most bog and fen soils. &@mple,
Roberts and Oosting (1958) reported very low abiaelanutrlent content in bog soils

with Dionaeain North Carolina (in mg. kg dry weight, DW): Nl-i 2; PO, less than 2;

K, 2; Mg, 1; Fe, 1. There was a complete lack ofed&ble N(g, Ca, and Mn.

However, the available nutrient content in morgileefen soils can be one to two orders
of magnitude higher (e.g. Schwintzer, 1978; Aldsnat al., 1983). In contrast, the
following total N and P contents were found in kgmils inhabited by four Australian

and New Zealandrosera species (in g.ké DW): N, 0.46-2.5; P, 0.09-1.9 (data
summarized by Chandler and Anderson, 1976a).

Normal functioning of carnivorous plant roots (Uaof nutrients and water) is
dampened by low nutrient availability in soils, ahis stress factor is greatymplified
by waterlogged and anoxic soils. Therefore, camyivaf most terrestrial carnivorous
plants can be explained as an adaptatioraltothese stress factor3he extent of
adaptation of carnivorous plant roots to waterlaggalone has not yet been studied.
Nevertheless, as follows from first studies, raatly on aeration diffusive mechanism
in roots supported by exodermal diffusive barrigrdamec, 2005; Adamec et al., 2006)

Terrestrial carnivorous plants have adapted toethesavourable factors as typical
stress-strategists by growing slowly (see beloveyrdo not require a high supply rate
of mineral nutrients from soils, as they are ablstbre nutrients in their organs and re-
utilize them efficiently (Dixon et al., 1980; Adamel997a, 2002). A weakly developed
root system is a common characteristic of mostiearaus plants (Luttge, 1983;
Juniper et al., 1989, p. 21-22; Adamec, 1997a).robg&total biomass ratio ranges from
only 3.4 to 23% in various carnivorous plants (Ksdn and Carlsson, 1984; Karlsson
and Pate, 1992; Adamec et al., 1992; Adamec, 1980@2). Roots are usually short,
weakly branched, and able to tolerate anoxia alades phenomena QB) in wet soils.

They are able to regenerate easily. Generally, @vepite of an absence of any study



on uptake of mineral ions by roots of carnivorodants, it may be concluded for

several reasons that the capacity of carnivoroaistpbots for mineral nutrient uptake is
limited, and compensated by nutrient uptake frorayprYet, Adamec (2005) has

recently studied the ecophysiological charactesstif carnivorous plant roots and has
found that their aerobic respiration rate and watendation rate per unit biomass is
comparable with those reported in roots of non4igamus plants in the literature or

even higher. Thus, roots of carnivorous plantspdngsiologically very active per unit

biomass and well adapted to endure soil anoxia.

4. Animals as prey for plants: what an advantage

Considering possible advantages of carnivoroustplém capture animals as prey,
which could be substantial for the evolutionarylegy of carnivorous plants, at least
two main aspects can be taken into account. Ornibeohspects can be ecological: as
most carnivorous plant species are able to captlaévely small prey items (relative to
plant or trap size, Karlsson et al., 1987; Givni4889; Harms, 1999), which are
abundant at sites (e.g. ants, small flies, mosgsijtorustaceans, etc.), this fact ensures
the relatively reliable catch of prey over a tittegugh there are very great differences
in prey capture effectiveness (over 10 times) betwiadividual plants even at the same
microsite (Karlsson et al., 1987, 1994; Thum, 198PaVioreover, many potential prey
taxa are adapted to visiting plants for food. Tralsjost all carnivorous plants are able
to capture at least some prey within a given tireoal.

The second aspect can be nutritional: as compar@dant tissue nutrient content
(i.e. nutrient amount per unit dry biomass, DW)naalis as prey represent a relatively
rich source of some macrobiogenic mineral nutrieatsl it is possible to consider that
this relationship as the main benefit predetermihedevolution of plant carnivory from
the very beginning. As stated above, typical wetatp or sandy soils inhabited by
carnivorous plants have a very low available Nafy K content but the tissue N and P
content in prey carcasses is commonly about 5#8gihigher than that in carnivorous
plant organs (see below), while the K content imgarable. Thus, it is possible to
assume that it was N and P uptake from animal tirelyrepresented the main benefit
and evolutionary advantage of carnivorous plantsvtiich these plants have adapted
from the beginning of their evolution. The followgittotal nutrient content was found in

terrestrial insects or aquatic crustacean zoopdmn(g.kg1 DW): N, 99-121; P, 6-14.7;
K, 1.5-31.8; Ca, 1-44; Mg, 0.94 (Reichle et al.699Watson et al., 1982; Waervagen et
al., 2002; DeMott et al., 2004; Woods et al., 2004)wever, a part of insect nutrients
is not available to carnivorous plants (Dixon et #880; Adamec, 2002).

5. Mineral nutrition of carnivorous plants - general principles

The term mineral nutrition of plants includes preses of mineral nutrient uptake by
plants from the ambient medium, nutrient transliecatvithin the plant, incorporation
of mineral nutrients to plant metabolism and phiggji@al functions, release from
primary physiological functions and of entry secarydones. Our knowledge of mineral



nutrition of carnivorous plants can still be comsied to be fragmentary, as it is
confined to about 50 species and less than 75estsitice the 1950’s.

Although growing in mineral-poor habitats, bothréstrial and aquatic carnivorous
plants have nearly the same composition of macnoeiés as non-carnivorous wetland
and aquatic plants (Adamec, 1997a; Ellison, 2006;Dykyjova, 1979). However,
terrestrial carnivorous species have considerablyet foliar tissue content of
macroelements than aquatic ones. Ellison (2006)réeently reviewed literature data
on foliar nutrient content in terrestrial carnivasoplants to be on average 1.26% of DW
for N (quartiles 0.9 and 1.9%), 0.094% of DW for(duartiles 0.07 and 0.16%), and
0.75% of DW for K (quartiles 0.50 and 1.0%), and ltampared them with those for
non-carnivorous plants. As follows from his reviewean tissue N, P, and K contents in
terrestrial carnivorous plant leaves generally lasger than those in leaves of non-
carnivorous, usually mesophytic plants (mean N 1d%W, P 0.105%, K 1.9%) but
great overlapping occurs, especially for N and RerAthe foliar tissue N, P, and
K content, out of all functional plant groups renves, terrestrial carnivorous plants
resembled the groups of evergreen trees and shrastsof all. In terrestrial carnivorous
plant leaves, mean values could lie within 0.1-0@&PW for Ca and 0.2-0.3% for Mg
(Adamec, 1997a, 2002). If compared, mean valuesadoatic carnivorous plant
leaves/shoots could lie within 1.5-2.5% of DW for20-0.35% for P, 2.0-3.0% for K,
0.3-0.8% for Ca, and 0.2-0.4% for Mg (Adamec, 19900, 2008b). However, three
critical comments should be added to the issuentdrpretation of tissue nutrient
content in carnivorous plants. It is obvious thagypcaptured in traps of aquatic
carnivorous plants were also included in the tissutient contents (overestimated P
and Ca content; see Adamec, 1997a). As leaf ortshatsient contents depend
markedly on leaf/shoot age (senescence) or positiothhe carnivorous plant (Adamec,
1997a, 2000, 2002, 2008b) it must be always cldatwas the age (or position) of the
organ analysed. Furthermore, it has commonly beemodstrated in various
carnivorous plant species that tissue nutrientesttntan remain unaffected or be even
significantly lower after feeding on prey or sadrfilization, as a result of more rapid
growth (Adamec, 1997a, 2000, 2002, 2008a). Thathig tissue nutrient content alone
is an unreliable measure of nutrient uptake byigaraus plants, its interpretation value
is limited, and plant growth rate should also besigered in relevant studies (Adamec,
2008a; Farnsworth and Ellison, 2008). Thereforege da these objections, it is
reasonable to determine also the nutrient stoicbionof carnivorous plants to consider
relative nutrient limitations of plant growth (Ebn, 2006). On the basis of this
approach, the latter author could demonstrateodimitation of the growth of
carnivorous plants in the field or natural soilshby+ P or N + P + K, rather thamly
by N or P or K.

The most extensive process of mineral nutritiophistosynthetic fixation of C®

by leaves. All carnivorous plants are green ane ablfix cQ (autotrophy) although

the growth of some species (mainly aquatic) islpatependent on organic carbon
uptake from prey (facultative heterotrophy; seetdéit 1983; Adamec, 1997a). Many
carnivorous plants of all taxonomic groups fix 2C&oﬁcording to the 3Cscheme of the

Calvin cycle (Luttge, 1983), but anatomical evidemt favour of the g:type has been
given in 6 Mexican succulerRinguicula species (Studtka, 1991). Generally, it is



characteristic for photosynthesis that the maxinm&inphotosynthetic rate per unit DW
or leaf area (R, of leaves of terrestrial carnivorous plants i®@b2-5 times (mean
about 3 times) lower than that of other non-carrous plants (for the review see
Ellison, 2006). Such a low photosynthetic rate pnegbly, reflects the relatively low
growth rate of terrestrial carnivorous plants apidgl S-strategists (see below).
Generally low R,y values in terrestrial carnivorous plants are furthgported by their
very low values of photosynthetic nutrient usecédfncy for N and P. As reviewed by
Ellison (2006) these mean values for carnivoroasgsl are about 3 times lower for N
and about 2 times lower for P than those for tétie@snon-carnivorous plants. The
relationship between carnivorous plants’ photosgtithperformance and carnivory is,
however, complex and ambiguous (Juniper et al.9LIBirst, R of traps is usually
lower than that of other non-carnivorous leaveshaf same plants, i.e. pitchevs.
phyllodia (Givnish et al., 1984; Ellison and Gatefl002). Second, the photosynthetic
effect of prey addition is quite different in difést carnivorous plant species (cf.
Mendéz and Karlsson, 1999; Ellison and Gotelli, 20Bllison and Farnsworth, 2005;
Wakefield et al. 2005; Farnsworth and Ellison, 20®8 same characteristics hold also
for aquatic carnivorous species (Adamec, 2008a)veNbkeless, at least in most
Sarraceniaspecies and iarlingtonia californica prey addition does significantly
increase Rasensuthe prediction by Givnish et al. (1984).

6. Mineral nutrition of carnivorous plants: mineral nu trient economy

The three principal processes of mineral nutritietermine the mineral nutrient budget
in terrestrial carnivorous plants: foliar nutrienptake from prey and root nutrient
uptake from the soil, mineral nutrient reutilizatidrom senescing shoots (mineral
nutrient economy), and stimulation of root nutriaptake by foliar nutrient uptake.

As follows from the detailed review by Adamec (189/hased on numerous
experimental data, uptake of the following minenatrients from prey carcasses or
mineral nutrient solution by traps of various spsaif terrestrial (or partly also aquatic)
carnivorous plants has been proven so far: N, PN&, Ca, Mg, and S. Yet, the
importance of a given macronutrient taken up fromypfor a plant ecophysiological
role depends on its uptake efficiency from preycaases. So far, only three studies
have determined the nutrient uptake efficiency froradel insect prey in terrestrial
carnivorous plants and the greatest attention le@s focused on N. In greenhouse-
grown Drosera erythrorhizafed on fruit flies Drosophilg), Dixon et al. (1980) found
that 76% of the initial total N, having been cont in flies, had been taken up by the
leaves. Obviously, a good deal of N in the speigsfiwas present in unavailable
chitinous skeletons. However, much lesser effioyef89-51 %) of N uptake from fruit
flies was estimated in three north EuropPamguiculaspecies an®rosera rotundifolia
in a greenhouse experiment (Hanslin and Karlssé86} in field-grown plants, the
efficiency was only 29-41%. Adamec (2002) compateduptake efficiency from fruit
flies and mosquitoes in greenhouse-grolmosera capillarisand D. capensis The
uptake of N, P, K, and Mg was relatively efficigdB-62% N, 61-97% P, 60-96% K,
57-92% Mg), while that of Ca was not and dependedtfy on tissue Ca content in the
insects. Similar values of uptake efficiency fromitf flies (56-65% N, 59-67% P)



follow indirectly from the greenhouse growth expegnt in D. closterostigma

(Karlsson and Pate, 1992). Thus, the uptake effagieof P, K, and Mg from prey can
be much greater than that of N but the true fieddda values are still unknown.
Contrary to certain knowledge of the efficiencynaiheral nutrient uptake from prey by
traps, there are still virtuallpo published data on the uptake affinity and capagfty
roots of carnivorous plants for mineral ions, to d@mpared with those in non-
carnivorous plants. It is possible to expect, havethat the root uptake affinity will be
relatively high, while the uptake capacity (dueskmwv growth) will be very low.

A further typical ecophysiological characteristicterrestrial carnivorous plants is
their extraordinarily good mineral nutrient econgraych as very efficient reutilization
(i.e. recycling) of N, P, and K from senescing lesfghoots. Reutilization efficiency in
various terrestrial carnivorous species was foorget 56-99% for N, 51-98% for P, and
41-99% for K (for details see Adamec, 1997a, 200iKe in typical non-carnivorous
plants, less efficient Mg reutilization and zeroewen negative Ca reutilization were
usually found in carnivorous plants. Mean reuttiiza efficiencies of N (70-75%) and
P (75-80%) in carnivorous plant leaves or shootshgr20-25 percentage points greater
than those found in non-carnivorous bog or fen tglavhich usually grow at the same
microsites (Adamec, 2002; cf. Aerts et al., 199%)is comparison shows that terrestrial
carnivorous plants, in spite of their ability t«éaup needed nutrients from prey, make a
great physiological effort to minimize mineral riatt losses (of N, P, K) from
senescing organs.

One of the typical and fascinating ecophysiologipalculiarities of mineral
nutrition in terrestrial carnivorous plants is arkel stimulation of root nutrition by
foliar uptake of mineral nutrients from prey. Thamalation was repeatedly confirmed
in about 10 terrestrial carnivorous species undeerhouse or field conditions within
the last 25 years (e.g., Hanslin and Karlsson, 1986amec, 1997a, 2002).
Presumably, this represents one of the most impioeieophysiological adaptations of
carnivorous plants. Generally, in various growtlpenments, carnivorous plants fed
on insects or mineral nutrient solutions grew rgpiand accumulated much more
mineral nutrients in their total produced biomaaisout 1.6-27x more for N, P, K, Ca,
and Mg as compared to unfed control plants) thay ttould take up theoretically from
the limited foliar nutrient supply. Thus, stimutati of absorptive activity of roots is the
essence of the very high efficiency of foliar ntidn for carnivorous plant growth.
Only mineral, but not organic substances, causéd ghenomenon. It means that
mineral substances taken up by leaves from preyufdied, in an unknown way, the
activity of roots which then took up the amount raftrients needed for increased
growth from mineral-poor soil. It is possible tosame that the extent of this
stimulation will be several times greater for K,,@ad Mg uptake than that for N and
P under natural conditions as prey are a rather poorce of these metallic cations.
Hanslin and Karlsson (1996) proved in some caroiusrspecies in the field that the
stimulatory effect on roots was of a quantitatiaune, dependent on the amount of
prey.

The essence of the stimulation of root uptake imigarous plants has not yet
been explained. Adamec (2002) tried to explain #ifect in threeDrosera species.
Slightly greater root lengths could only explaimab17% of the uptake stimulation,
the higher theoretical uptake rate of roots pet oot biomass being only about 15-



30%, but the greater root biomass could explaif@e85% of the effect. Metabolic

root activity (as aerobic respiration), however, swanchanged. Moreover, the
stimulatory effect on the roots was related toutsmineral nutrient content in neither
roots nor shoots. Although the total root bioma$she fed plants was markedly

greater than that in unfed controls, the proportbnoot biomass to the total biomass
of fed plants mildly decreased, according to a mthed crucial question is what

mineral nutrients taken up by leaves from prey stimulate root nutrient uptake in

carnivorous plants? It could be phosphate aloneél¢s@n and Carlsson, 1984) but the
role of other nutrients (especially N) is as yeknmwn.

7. Growth effects of carnivory
7.1. GREENHOUSE CONDITIONS

Many principal pieces of knowledge of mineral niidn of terrestrial carnivorous
plants have been obtained in greenhouse growthriexpets (Adamec, 1997a). As
these experiments represent a considerable siogildn of true natural conditions
(e.g. lack of competition, mortality, and rain)suéts reflect thg@otentialphysiological
abilities of carnivorous plants to take up minamatrients by leaves from prey or roots
from soil, rather than the ecological importancecafnivory. It has been found in all
terrestrial carnivorous species studied that trey grow satisfactorily in natural peaty
soils even without additional feeding on prey oil dertilization. However, foliar
fertilization by droplets of a mineral nutrient stbn (Karlsson and Carlsson, 1984;
Adamec et al., 1992; Adamec, 2002) had about tihee spositive growth effect as
model feeding on prey and proved that the absorbatbral nutrients from prey,
especially N and P, but not organic substancese weprincipal importance for plant
growth. Overall, depending on experimental condgiofeeding on prey or soil
fertilization could increase the growth rate andahenal nutrient uptake of carnivorous
plants as much as several times (for the revieexperiments see Adamec, 1997a and
Ellison, 2006). However, on the basis of many gheeise-growth experiments, it has
been concluded that terrestrial carnivorous plpeties differ greatly in their ability to
use soil or foliar mineral nutrient supply for thgrowth and, accordingly, carnivorous
plants have been classed into three main ecopbgsial groups (Adamec, 1997a).
Plants in the largest group of ‘nutrient requirisgecies’ increase markedly their
growth due to both soil and leaf nutrient supplg &meir root nutrient uptake may be
stimulated by foliar uptake. These species grovatingdly rapidly in rather wet
habitats, sometimes with mildly increased soil ieutr content. Plants in the group of
‘root-leaf nutrient competitors’ grow better andcamulate more nutrients thanks to
both root and leaf nutrient uptake. However, coitipetoccurs between root and leaf
nutrient uptake. This group includes especially sgkustralianDroseraspecies from
drier areas. Plants in the third group of ‘nutriemddest species’ have roots with a very
low nutrient uptake capacity and rely on leaf rarttiuptake. This group includes some
Australian pygmy sundews and aB@®naea muscipula

7.2. NATURAL CONDITIONS
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Field studies show clearly the ecological imporean€ carnivory for carnivorous plant
growth and development under the conditions giviérey include both competition
and mortality, but also robbing of prey by opporttic predators (kleptobionts,
kleptoparasites) and washing out of nutrients fyuney or washing away whole prey
by heavy rains (Adamec, 1997a). In analogy withegh®use experiments, natural
capture of prey or feeding on extra prey in varitarsestrial carnivorous plants under
natural (or outdoor) conditions resulted in repkcagrowth increase which was
comparable with that stated for greenhouse expatsn@or the review see Adamec,
1997a and Ellison, 2006). Moreover, the real edoligimportance of carnivory in
individual cases always depended on the amountamtured prey in which even
closely placed individuals of the same species iwitthe same micropopulation
differed 10 times or more (Karlsson et al., 198994 Thum, 1989a,b). Thus, the
amount of captured prey has proven to be the mah@cological factor for the natural
growth and vigor of carnivorous plants. The diffezes in prey capture between the
individiuals might lead to size differentiation Wih the plant population (Thum,
1988). In this line, experiments on supplementagdfng of 5 European carnivorous
plant species on prey proved that the plants wieleeta use much more prey for their
enhanced growth or nutrient accumulation than theally could capture naturally
(Thum, 1988; Chapin and Pastor, 1995; Hanslin andskon, 1996). Therefore, the
ecophysiological capacity to digest and utilizerieuits from prey is very high but
usually not fully used under natural conditions.

The classic cost-benefit model of plant carnivoyyGivnish et al. (1984) predicts
that carnivory will be beneficial only in nutrieptor soils. To test this model, Ellison
(2006) pooled available data on 29 studies on drosperiments of carnivorous
plants (influence of prey and soil fertilizatiorypth under greenhouse and field
conditions. A meta-analysis of these data showedrlyl a significant positive growth
effect of prey capture or addition (p=0.02) butsignificant effect of soil fertilization
(p=0.15) or nutrient x prey interaction (p=0.81).means that the effect of mineral
fertilization of natural peaty soils may not lean growth increase in carnivorous
plants, though it was proven in some studies (8ygnsson, 1995), and that an
efficient use of prey is not confined to nutriemigp soils éensuKarlsson et al., 1991).
As the level of soil fertilization was very differein single studies (see Adamec,
1997a) and could also be supraoptimal, it is hanihgsible to generalize these
experiments.

Prey capture is much more important for seedlimgs small plants than for adult
ones. Due to their small size, prey capture by Isggslis considerably limited but it
leads, in successful individuals, to much fastewgh and attaining maturity, and,
therefore, to prolific flowering and seed set (Thulh®88). Faster trap growth then
allows more efficient capture of larger prey (ijositive feedback). Probably, capture
of prey in adult plants supports flowering and ssetito the same extent as vegetative
growth but it markedly speeds up reaching the mimmplant size necessary for
flowering. As a result of capturing prey, terregtrtarnivorous plants also markedly
strengthen their competitive abilities (Wilson, 598

Under natural conditions, the ecological importarafe carnivory concerning
mineral nutrition mainly depends on what proport@frneeded mineral nutrients (as
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seasonal nutrient gain or consumption) carnivongasts take up directly from prey
during their seasonal growth (Adamec, 1997a). Cgmitom measured rates of
seasonal prey capture and usually a 76% efficiefiaytrient uptake from prey (after
Dixon et al., 1980), the calculated values of thepprtion listed in Table 1 are rather
variable among different plant species but alschiwita species, as dependent on
differential seasonal prey capture. Overall, casrous plants at various sites can
compensate by carnivory as much as 7-100% of slagisonal gain of N and the same
amount of P, but only a small proportion of K (1946and perhaps less Ca and Mg.
These data indicate that the main ecological carssee of carnivory is to obtain the
greatest proportion of seasonal N and P gain froay ps possible since N and P are
often the most (co-)limiting nutrients in peatylsoNevertheless, as shown by Hanslin
and Karlsson (1996) for thrd@inguiculaspecies the meatdtirect N uptake from extra
added prey amounted to only 39% of the total iredaN amount, while the rest (i.e.
61% N) was taken umdirectly from the soil, as a result of the root uptake station
(see 6). Due to low proportion of K, Ca, and Mgakgt from prey, the stimulated
uptake of these elements from soil by roots shdnddthe greater. Generally, it is
possible to conclude that carnivory is ecologicalgry important for most species
under natural conditions.

TABLE 1. Mean or range of seasonal mineral nutrigait coming from carnivory (in
%) in terrestrial carnivorous plant species undetural conditions after different
authors

Species N P K Reference

Pinguicula vulgaris  26-40 36 7-16<arlsson (1988); Karlsson et al. (19
Pinguicula alpina 8-14 12-19 1.3-1.9 -t
Pinguicula villosa 7-15 6-10 3-12

Drosera rotundifolia 63 95 1.1 Thum (1988)
Drosera intermedia 92 100 1.6 Thum (1988)

Drosera erythrorhiza 11-17 - -- Dixon et al. (1980)
100 100 2-3 Watson et al. (1982)

8. Ecophysiology of aquatic carnivorous plants
8.1. INTRODUCTION

About 50 species belonging to the genAldrovanda(waterwheel plant, Droseraceae)
and Utricularia (bladderwort, Lentibulariaceae) are submerged taxjaoa amphibious
carnivorous plants (Juniper et dl989; Taylor, 1989; Guisande et al., 2007). Unthe
dominant majority of aquatic non-carnivorous plaatsaquatic carnivorous species are
strictly rootless and, therefore, they can takemiperal nutrients for their growth from
the ambient medium and from captured poeyy via their shoots. Nevertheless, they
fulfill all three principal functional criteria gemally placed on carnivorous plants (see
above). Traps of aquatic species exhibit rapid mmms, which are among the most
rapid within the plant kingdom, and represent faating objects for a biological study
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(Juniper et al.1989). However, the main focus of ecophysiolodists always been the
study of processes in terrestrial, rather than #gjuearnivorous species (cf. Juniper et
al., 1989; Adamec, 1997a). Moreover, mainly due to madhagical problems, the
ecophysiological study of the latter group has ébjguch behind that of the former
group. As both ecological groups of carnivorousntdaare rather dissimilar in their
principal morphological and physiological featurasd alsoper se (submergedvs.
terrestrial life sensuColman & Pedersen, 2008), it is reasonable andfigide to
distinguish between these groups when making emalthg or physiologically oriented
reviews.

8.2. ECOLOGICAL CHARACTERISTICS OF HABITATS OF AQUAC
CARNIVOROUS PLANTS

Aquatic carnivorous plants usually grow in shallstanding or slowly streaming humic
(i.e. dystrophic) waters, often together with vdacwaquatic non-carnivorous plants. It
may be assumed that the former plant group alssatas very high concentrations of
humic acids and tannins (very dark waters), wHile latter plant group usually does
not. At these sites, the sum of the concentratfdrumic acids and tannins is commonly
within the range 5-20 mg@-land may even extend to 60 mig{Adamec, 2007a, 2008b).
The waters are usually poor in mineral N (NHNO;) and P (the concentration of both
commonly 5-20ug.I™), but also in K (<0.5 mg?). If the site is not impacted by human
activity, the concentrations may be 5-10 times lo(gee Adamec, 1997a; Guisande et
al., 2007). The concentrations of $QCa, Mg, and Fe, however, are usually >1 thg.|
(Guisande et al., 2007) and do not limit plant glowA partly decomposed, nutrient-
poor litter of reeds and sedges usually accumulaieshese waters. The slowly
decomposabile litter gradually releases mineraients, humic acids, tannins, and £0
Hence, the waters are usually rather high in f@@,] (0.1-1 mM; Adamec, 1997a,b,
2007a, 2008b, c¢). A high [GDP>0.15 mM was found to be the principal water
chemistry factor supporting vigorous growth andpagation of stenotopidldrovanda
vesiculosa(Adamec, 1999). The same relationship between,J@@d growth holds
true also in aquatic non-carnivorous plants. Initamtd reduced concentrations of
dissolved oxygen, within the range 0.0-12 mgwere found at many sites of aquatic
carnivorous plants (Adamec, 1997b, 1999, 2007as&uie et al2000, 2004; Adamec
and Kovdové, 2006; Giural and Rougier, 2007). Moreover, ltteer authors found a
marked daily oscillation of [€). The majority of aquatic carnivorous species Ugua
grow in soft to moderately hard (total alkalinity2@® meq.), acid or neutral waters
(pH 5-7.5), but some temperate-zone species maygatsv in hard and alkaline waters
(pH 8-9.3; see Adamec, 1997a). Two wide-spreadtaspeciestricularia australis
andU. minor, were able to grow in a very wide range of pH, fivener species within
4.3-8.3, the latter within 3.5-9.3 (cf. Adamec, 1892008b; Navratilova and Navratil,
2005). Thus, in eurytopic species at least, watkalpne is not important for their field
growth.

Whilst considering photosynthetic cost-benefit tielaships, Givnish et al(1984)
postulated that, for terrestrial carnivorous plangnivory is only beneficial in nutrient-
poor, moist, and sunny habitats. However, many tigearnivorous species in their
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typical habitats do not comply, as irradiance igwifvery low (<5% of that in the open;
Adamec, 2008b) though comparable with that for oéwiatic non-carnivorous species.

8.3. GROWTH CHARACTERISTICS OF AQUATIC CARNIVOROUS PLANT

Aquatic carnivorous plants markedly differ morphytally and ecophysiologically
from terrestrial species: they are always rootldksting freely below the water
surface, or are weakly attached to loose sedimentsnerged or partly amphibious
(Taylor, 1989; Guisande et aRP07). Most species have a linear and modular shoot
structure consisting of regularly changing nodethviiamentous leaves and tubular,
fragile internodes. In some species, the leavesi@amged in true whorls. Only several
species (e-gUtricularia volubilis) are rosette-shaped plants. The majority of linear
shoot species have homogeneous (monomorphic), ifferedtiated green shoots
bearing traps (e.qAldrovanda vesiculos&Jtricularia vulgaris, U. australis, U. inflata
Several species (e.dJtricularia intermedia, U. floridang have dimorphic shoots
differentiated into green photosynthetic ones (liguzearing only a few or no traps)
and pale carnivorous (trapping) ones with manystrdfmese species are intermediate in
body plan between the aquatidtricularia species with monomorphic shoots and
terrestrial species (e.fl. uliginosa, U. livida with aboveground, flat green leaves and
belowground, pale carnivorous shoots bearing tf@pglor, 1989).

Aquatic carnivorous plants exhibit some growth eleteristics differentiating them
distinctly from all terrestrial carnivorous specigglamec, 1997a). Firstly, adult plants
maintain the length of the main shoot approximatanstant throughout the season:
they show very rapid apical shoot growth but theisal shoot segments age and die at
about the same rate (“conveyer-belt* shoot growtstesn). Thus, the new biomass is
allocated into branching or flowering only. Undewvéurable conditions, the apical
shoot growth rate of aquatic species with lineaoosh was 1.0-1.2 whorls'din
Aldrovanda(Adamec, 2000; Adamec and Kdwe&aa, 2006) and even greater in field-
grown U. vulgaris (1.4-2.8 nodes:d Friday, 1989) ol. australis(2.8-3.5 nodes:Y
Adamec and Kowv@va, 2006). Suprisingly, the apical growth rateUofaustraliswas
2.9-4.2 nodes:Halsoin an oligotrophic water, though the relative growate (RGR)
was zero (Adamec, 2008c). Thus, very high apicalvn rate in aquatic species may
not be connected with high RGR. It is also an ingoar strategy in competition with
epiphytic algae, which usually densely cover tloditer shoots (Friday, 1989). In the
slowly growing subtropical. purpurea however, the apical growth rate was only 0.25
nodes.d (Richards, 2001). Unlike all terrestrial carnivosoplants, representing typical
S-strategy, high RGRs were reported for a few aguspecies under favourable
conditions which rather suggests their R-stratddye doubling time of biomass (i.e.,
loge 2 /RGR) in field-grownAldrovandawas only 8.4-21.5 d (Adamec and Kéwéa,
2006) or 12.9-23.0 d (Adamec, 1999) and 12.8 chiow@door culture (Adamec, 2000),
9.1-33.2 d in field-growtd. australis(Adamec and Kow#va, 2006), or 12.4-23.1 d in
greenhouse-growh). vulgaris U. geminiscapa, and U. purpurg®agano and Titus,
2004, 2007). Pagano and Titus (2007) proved abbtwbato threefold RGR increase in
the threeUtricularia species as a result of [gJOncrease. Comparable values between
6.4-34.7 d were recorded by Nielsen and Sand-Jgi€81) for aboveground biomass
in 12 rooted submerged, non-carnivorous speciesoiitrast, the corresponding values
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for terrestrial species of the gen®&wesera Genlisea andSarraceniaare much greater
(21-104 d, mean about 35-40 d), suggesting theisiderably slower growth (Adamec,
2002, 2008d; Farnsworth and Ellison, 2008).

The very rapid growth of rootless aquatic carniwsroplants in nutrient-poor
habitats requires ecophysiological adaptationsehable the plants to access the highly
limited supplies of mineral nutrients from the wat@hese adaptations include
carnivory, efficient nutrient re-utilization fromesescing shoots, and a very efficient
nutrient uptake from water (Kafski, 1987; Kosiba, 1992; Friday and Quarmby, 1994;
Adamec, 2000, 2008a, b; Englund and Harms, 2003).

Another important growth characteristic, which féafes propagation, is the
production of shoot branches which subsequentlgldevinto separate, new individuals
(Adamec, 1999). The branchesAdtirovandaalways develop into new plantsut in
some aquatitJtricularia species, once initiated, branches may not devedypra the
early stages (Adamec, 2008c). It is generally amrkthat the number of branches per
shoot is the principal growth parameter to be used criterion for plant vigor and
propagation rate and therefore also reflects tlitatslity of a habitat for plant growth
(Kaminski, 1987; Adamec, 1999, 2000, 2008c, Adamec andiidwa, 2006). In some
aquatic carnivorous species studied, branching(ratmber of internodes between two
branches) was regular under optimum conditions speties specificAldrovanda
mean 6.2, range 3-11, Adamec, 199DB;stygia 12.2+0.4 in photosynthetic shoots,
6.7+£0.2 in carnivorous shootd). intermedia 16.8+0.4 in photosynthetic shoots,
5.940.1 in carnivorous shoots, Adamec, 200W@a;australis 22.1+1.2 or 10.5+0.4,
Adamec, 2008c). The latter data indicate that,oaltin branching rate is genetically
fixed, it is under ecological regulation. If bramuip rate is divided by the apical shoot
growth rate, this parameter - the branching frequen characterises the real time
involved in initiating successive branches on theos. Thus, branching frequency is a
good criterion for RGR (Adamec and Kdwaa, 2006). The authors found a similar
branching frequency (4.7-5.5 d.braftor field-grown AldrovandaandU. australis.

In both species, however, competitive processesiroat between the production of
new whorls and branches. Evidently, knowledge ainbhing traits is crucial for
understanding growth characteristics in aqudtiicularia species.

8.4. TRAP ECOPHYSIOLOGY OF AQUATICUTRICULARIA — MYSTERIES
ASSOCIATED WITH PREY DIGESTION. HOW IMPORTANT ARE
COMMENSALS?

Utricularia suction traps are hermetically closed bladdergtfaning on the basis of
underpressure (e.g. Sydenham and Findlay, 197%eluet al.,1989; Guisande et al.,
2007). The trap size in aquatic species is withenrange 1-6 mm, rarely up to 12 mm
(Taylor, 1989); these are larger than the trapemwéstrial species in the genus. Though
they are the smallest of all carnivorous plantsgythare considered the most
sophisticated traps functionally (Juniper et aP89). Contrary to the traps of other
species, solutes and suspended particles suckedrinthe ambient water are retained
hermetically in the lumen until the trap is senescEour types of glands (hairs) occur
inside or outside the traps; abundant and largarnat quadrifid and bifid glands are
principal for trap physiology (see Juniper et 8889; Guisande et al., 2007).
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Commensal microorganisms (mainly bacteria, algaegleng, ciliates, rotifers;
e.g., Richards, 2001) occur and propagate in tapstof many aquatittricularia
species. The question of their role in trap furmdtig and possible benefit for plants is
often discussed. Presumably, some of these comisgresdicipate, to various extent in
prey digestion by producing their own enzymes (Rids, 2001; Sirova et al., 2003),
which has been demonstrated for phosphatases imeasal bacteria and unicellular
algae (Plachno et al., 2006; Sirova et al., unpubl.slightly reduced growth of the
wetland specied. uliginosaafter the feeding oBuglenaculture as prey (Jobson et al.,
2000) suggests that the real relationship may beeslightly parasitic. Nevertheless, for
some aquatidJtricularia species with low trapping efficiency (e.dJ, purpureg in
barren waters, commensal communities in traps seeire more beneficial for the
plants than the trapping of prey alone (Richar@912 Sirova et al., unpubl.). As shown
very recently, commensals presumably participatproviding the traps without prey
with N and P (Sirova et al., unpubl.). In trapsheitt prey, which had sucked in some
detritus or phytoplankton from the ambient waterirty incidental firings, a miniature
microbial food web may run. Its main componentskaeteria, Dinophyta, ciliates, and
rotifers. Similar interactions were found in theg@stion fluid inSarraceniapitchers
(Gray et al., 2006). Moreover, in filtered fluidoiin empty traps of two field-grown
Utricularia species, high concentrations of organic carbor3BDmg.1"), both glucose
and fructose (8-24 mg", organic N (7-25 mgl), and soluble P (0.2-0.6 mg)lwere
detected (Sirova et al., unpubl.). The concentnatiasually increased with trap age and
correlated with commensal biomass. Traps presunsalgport the run of this microbial
food web energetically by supplying organic mattehjch is in relative excess for the
plant, and as a trade-off for this, they obtairvgiolimiting N and P from decomposed
detritus or phytoplankton. Thus, aquatiftricularia species, which grow in very
oligotrophic habitats with low prey availability,rea rather “bacterivorous” or
“detritivorous” than carnivorous. The,Nixation mediated mainly by cyanobacteria
occurred on the outer trap surfacéininflexa(Wagner and Mshigeni, 1986). Owing to
the specific chemical conditions, it could also mside the traps and provide the traps
with N.

Surprisingly, zero @concentration was consistently detected in thiel fidi excised
and intact traps (without prey) of six aquafiftricularia species bathed in an
oxygenated medium, regardless of trap age andamed (Adamec, 2007b). Thus, there
is normally anoxia inside the traps which can ieaiglly be interrupted due to trap
firing (trapping of prey or another irritation) fahort periods of time. The potential
aerobic respiration of the inner glands and trafiswa so high that all ®is exhausted
to zero within 10-40 min. The traps can pump outewand reset the underpressure
within 30 min, which requires high amounts of eyedgrived from aerobic respiration
and is prevented by respiration inhibitors (Sydentsand Findlay, 1975). Yet, it is not
clear how the traps (glands) provide sufficient A®Rergy for their demanding
functions under anoxia, though a mitochondrial riata of cytochromec oxidase
found inUtricularia should provide greater energetic power for thesti@aakkonen et
al., 2006).In traps with captured prey, anoxia causes prealgmf suffocation, while all
trap commensals are adapted to facultative anéwarfiec, 2007b).

A pH value of 5.0+0.1 occurred in trap fluid in foequaticUtricularia species
independently of digestion of prey (Sirova et 2003). This suggests that trap fluid pH
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is well regulated. Though several types of hydiolgnzymes were described from
Utricularia traps using biochemical and cytochemical methpdstéase, esterase, acid
phosphatase; see Juniper et al., 1989), only ttetaof phosphatases at pH 4.7 was
determined as significant by an-situ analysis of empty trap fluid in four aquatic
Utricularia species (Sirova et.al2003). Trap activities ofi- and -glucosidasesp-
hexosaminidases, and aminopeptidases at the pk7ofdre usually lower by one or
two orders of magnitude and were usually highethia culture water at the same pH.
Thus, a large proportion of the trap enzymatic vitgti with the exception of
phosphatases, entered the traps from the ambietar vafter firing. Generally, the
activity of all enzymes was independent of preyedigopn and was not inducible by
prey. The absence of aminopeptidases (proteasésis could be compensated by the
autolysis of prey tissues. Consistently high trafivities of phosphatases in all species
imply that P uptake from prey or detritus mightrbere important than that of N for the
plant.

8.5. PHOTOSYNTHESIS OF AQUATIC CARNIVOROUS PLANTS

While the (maximum) net photosynthetic ratg,{P per unit DW or area of leaves of
slowly growing terrestrial carnivorous speciesos,average, 2-5 times lower than that
in different functional groups of terrestrial noargivorous species (Ellison, 2006; see
5), Pnax i aquatic species (seven species, 40-120 mmdkg® fresh weight.H) is
comparable with the highest values found in aguadic-carnivorous species (30-110
mmol kg* fresh weight.H, Adamec, 1997b, 2006). Thus, very high,Hs typical for
aquatic carnivorous species with rapid growth Isualso a prerequisite for this rapid
growth as the rapid, permanent decay of seneshent segments causes a great loss of
structural and non-structural carbohydrates (Adar@660). In amphibious carnivorous
species with dimorphic shoots, R of photosynthetic shoots can increase considerably
if the shoots become emergent (Colmer and Pede2668).

Traps of aquatic species as physiologically vetyvamrgans have high respiration
rates (RD) and represent great photosynthetic castbypothesized by Givnish et al.
(1984). In six aquatidJtricularia species, trap RD per unit fresh weight (5.1-8.6
mmol.kg*.h') was 1.7-3.0 times greater than that in leaves camivorous or
photosynthetic shoots and nearly-maximugin photosynthetic leaves exceeded that
in the traps (5.2-14.7 mmol.Rd®) 7-10 times (Adamec, 2006). Thus, very high
RD:P,o ratio in traps of these species (50-140%), unthat in leaves (3.6-8.2%),
means that there are high maintenance and photetimicosts of traps: ib. stygia
andU. intermediawith dimorphic shoots, the trap RD could amoun84#e44% of the
total plant respiration, while 63% M. australiswith monomorphic shoots (Adamec,
2006, 2007a, 2008b). However, ih macrorhiza mean trap RD was only about 10%
higher than that in leaves and trap,,An lake water was as much as 41-67% of that in
the leaves (Knight, 1992); similarly 67%Addrovanda(Adamec, 1997b).

Aquatic carnivorous plants usually grow in waterighvhigh [CQ,]>0.1 mM. This
fact is very important as all aquatic species test® far use only COfor
photosynthesis (see Adamec, 1997a, b; Adamec anéiticd, 2006; Pagano and Titus,
2007). The recent finding of slight HGQuse inU. australisinduced by growing at
high pH of about 9.2 (Adamec, 2008c) deserves éurgtudy. Generally, in several
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aquatic carnivorous species growing in the fieldcolture, CQ compensation points
(CO, CPs) fell within the range 1.5-13,iM (Adamec, 1997a, b, 2008c; Adamec and
Kovérova, 2006; Pagano and Titus, 2007); similar vahfes.5-10uM are reported in
aquatic non-carnivorous plants (Maberly and Sperd@83). In 17 culture-grown
species or accessions of aquatic carnivorous pteErbeth genera, COCPs (mean 5.3
uM, range 1.9-13.M) were similar to those found in these speciesmgrg in vitro
(mean 5.2uM, range 2.5-8.8M; Adamec, unpubl.). A highly significant relatidrp
was found between the GGP values and [Cin the culture water. Similarly, CO
CPs inU. australisgrowing at 17 sites of different trophic levelsigad within 0.7-6.1
uM (mean 2.6uM) but correlated significantly with neither of theternal or water
chemistry factors nor with the capture of prey (Aaa, 2008c).

The influence prey capture op,Rand RD was investigated ildrovandaand U.
australisgrowing in an outdoor culture (Adamec, 2008a). Tgioboth species fed on
zooplankton grew significantly faster than unfe@snfeeding increased.f£by 59% in
Aldrovandabut decreased it by 25% Id. australis.CO, CP was unchanged due to
feeding inAldrovandabut increased from 5.2 to 9u in U. australis.The RD values
stayed unchanged in both species. Thus, the hygsisthy Givnishet al. (1984) on
stimulation of photosynthesis by catching prey hasbeen supported, although more
data are needed. Carnivory should partly comperfsatphotosynthetic CQuptake,
but the uptake of organic carbon from prey in aiguzdrnivorous plants has never been
quantified. Yet, organic carbon uptake from prewduatic species may be ecologically
important under C@shortage (see Adamec, 1997a): field-groddrovandawas also
able to grow at pH>9.0 when catching numerous pAelamec, 1999), and greenhouse-
grownU. vulgarisfed on prey grew better and branched more onlygiteln pH values
of 7.6-9.1 (Kosiba, 1992).

8.6. MINERAL NUTRITION IN AQUATIC CARNIVOROUS PLANTS

Although rootless aquatic carnivorous plants growmineral-poor habitats they have
similar macroelement composition to rooted aquatén-carnivorous species (cf.
Dykyjova, 1979; Adamec, 1997a; 2008a, b). Thesuis nutrient content (% DW) in
young shoots is usually between 1.0-4.0 for N; @EBD P; 1.5-5.0 K; 0.15-3.0 Ca; 0.2-
0.7 for Mg.U. australisgrowing in very oligotrophic waters with low preyailability
kept a relatively high shoot nutrient content (Adam2008b)Regardless of a marked
polarity of tissue N, P, and Ca content along sheotd the great differences between
leaves and traps (Adamec, 2000, 2008b), mean slcoatent of these five
macroelements in aquatic carnivorous plants is afhdi+3 times greater than that in
terrestrial carnivorous plant leaves (cf. Ellis@®06; see 5) and could reflect much
faster growth in aquatic species. A marked polasftiissue N, P, Ca content, indicating
a very efficient N and P reutilization from senesgcishoot segments, was found in
rapidly growing aquatic species (Adamec, 1997a,02@D08b). The Ca polarity was
opposite, whereas Kand Mg contents were const@mtture-grown Aldrovanda
reutilized 88% N and 67% P (Adamec, 2000) and fgglolvn U. australison average
only 48% N and 72% P (Adamec, 2008b). However,slbaly growingU. purpurea
re-utilized only 37% N and 71% P (see Adamec, 199Vioreover, a very effective
reutilization of N and P can be assumed in auturshabts forming turions (Adamec,
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2000). Thus, aquatic species permanently lose @ngjatively small part of their N and
P in their senescent shoots (like terrestrial gsdhdamec, 1997a) but all K, Ca, and
Mg. Zero K reutilization in senescent shoots of atgquspecies greatly contrasts with
very efficient K reutilization in terrestrial oné$1-99%, see 5; Adamec, 2002).

Considerable differences in tissue nutrient contecur between shoots and traps in
aquatic carnivorous plants of both genera. Theeardndf N, Ca, and Mg is usually
greater in photosynthetic shoots than in the treybdle the opposite is true for P and K
demonstrating a considerable “mineral” cost of nemry (Adamec, 2008b; unpubl.). In
U. australiswith monomorphic shoots and mean proportion of P&l 38%, traps in
adult shoots contained about 30% total N, 53% Rl &h% K within the shoots
(Adamec, 2008Db).

Aquatic carnivorous species grow in oligo-mesotioplvaters in which [NH]
usually strongly dominates over [N Aldrovanda and some aquatititricularia
species preferentially took up NHto NOy from diluted NHNO; solutions (Adamec,
1997a, 2000; Fertig, 2001). Phosphate uptakalsovandaapical shoot parts was two
times faster than that by basal pakst the finding thatAldrovandatakes up K only
via the basal parts (Adamec, 2000) still requireleper explanation. Besides, aquatic
species can take up a substantial amount of minetakents also from prey. Yet, only
Friday and Quarmby (1994) have quantified an efficy of N uptake from prey in
aquatic species. Ib. vulgarisfed on mosquito larvae, they estimated the efficyeof
N uptake to be at least 83% of the total prey Notb2% total plant N was obtained
from the prey. Probably, the efficiency of N uptdkem prey inUtricularia traps may
be even higher than that in terrestrial species Adamec, 2002, see 6). P was also
taken up rapidly from the prey but P reutilizativom old shoot segments was much
better than that of N.

There are several data showing marked effectsef ptilization on the growth of
aquatic species, both in a culture and in the f{édd the review see Adamec, 19974a;
2000, 2008a; Englund and Harms, 2003). Feedingdeldnger shoots, greater DW,
faster apical shoot growth, greater RGR, and, éalbhgdncreased branching as a main
means of propagation. Thus, carnivory in aquateciEs is at least as important as in
terrestrial ones. However, it is still unclear hals growth effect of carnivory is
induced since tissue N and P contents in apicaloong shoot segments in prey-fed
plants were lower compared to unfed plants (Adar2@8p, 2008a).

Another important ecological parameter associatétl mineral nutrition is the
proportion of seasonal (daily) N and P gain obthifrem prey. InU. macrorhizathe
proportion of seasonal N gain from carnivory wasnested to be about 75% (Knight,
1988). In robustJ. foliosa growing at a nutrient-poor site with extremely Iqrey
availability in Florida, the mean proportion wadyabout 0.9% N and 3.5% P (Bern,
1997). At sites with greater prey availability, $eevalues could be one order of
magnitude higher. Using a model containing literatoased data (Adamec, 1997a,
2000, 2008b; Adamec and Kde&a, 2006), it is possible to calculate which pntion
of the daily N and P gain can be obtained due pducang one smalCyclops(DW 25
ug) daily in Aldrovandaand U. australis In rapidly growing plants (plant biomass
doubled in 15 d) this covers about 15% daily N 486l P gain in smallefAldrovanda
while only about 0.62% N and 0.56% P gain in larderaustralis However, if plant
growth is zero and the plants maintain constanmbis, which is the case under
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unfavourable growth conditions, then it covers apl00% daily N and about 16% P
gain in Aldrovandaand about 1.8% N and 2.6% P gain Un australis. Like in
terrestrial species, the estimated values showtlieagcological importance of N and P
uptake from prey depends primarily on the quantftgaptured prey. Capture of prey in
aquatic species is thus one of the decisive fadtortheir rapid growth and especially
for their propagation.

8.7. REGULATION OF INVESTMENT IN CARNIVORYIN UTRICULARIA

In aquaticUtricularia species, the proportion of traps to the total plEintnass as the
structural cost (investment) in carnivory is 10-65btit this proportion is regulated
flexibly by the plants to minimize the costs of maory according to habitat factors:
particularly water chemistry, prey capture, anagdiance (Knight and Frost, 1991,
Friday, 1992; Bern, 1997; Guisande et al., 200@42®Richards, 2001; Englund and
Harms, 2003; Manjarrés-Hernandez et al., 2006; rRlos&i et al., 2006; Kibriya and
Jones, 2007; Adamec, 2007a, 2008b). Moreover, rduslation may be different in
various species. Yet, in most cases, increasedratinatrient availability either in the
ambient water or prey led to decreased investmemarnivory in the terms of trap
number per leaf or proportion of trap biomass. mtmber of traps per leaf ld. foliosa
decreased in waters with increasing N®ut simultaneously decreasing prey capture
(Guisande et al., 2004). Thus, it is not possibledparate both factors. However, the
number of traps per leaf in the same species ebeet| statistically significantly
(inversely proportionally) with shoot P and esplgill content (Bern, 1997). Out of all
nutrient factors investigated in field-growh australis only tissue N content in young
shoot segments significantly (negatively) correlatgith trap proportion (Adamec,
2008b). These results consistently support therigntt' hypothesis that all external
nutrient factors, which decrease tissue N contentoung shoots (poor prey capture,
low [NH.,"], high [CQ)], etc.), increase trap production in young sha@otdvice versa
as a negative feedback regulation. This findingassistent with the suggestion of
Guisande et al. (2004) that ambient N sources énaiting factor regulating investment
in carnivory. However, Kibriya and Jones (2007)dsing U. vulgaris proposed a
central regulatory role for P. This negative feamkbalso helps to stabilize the tissue
contents of other mineral nutrients. As prey capfiso supports plant growth, growth
rate itself is obviously a component of this endages regulatory system. Moreover,
some data show that the “nutrient” regulation aptproportion in aquatidtricularia is
subject to photosynthetic regulation (Bern, 199iglind and Harms, 2003; Adamec,
2008b). At low photosynthetic rate (low irradianf@Q;]), trap proportion is relatively
low or even zero.

9. Is plant carnivory beneficial: when and why? Nutitional cost-benefit
relationships of carnivory
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In their natural habitats, carnivorous plants gtogetherwith non-carnivorous species
(e.g. bog and fen species of graminoids, cypereidd,Ericaceae) and it is evident that
both plant groups are subjected to exactly the saomdogical conditions; the same
conclusion may also hold true for aquatic carniusrplants. Carnivory is thus only one
of many possible adaptation strategies to combimddvorable conditions occurring in
nutrient-poor and wet soils. Yet, when and why ¢his ecological adaptation be
beneficial? Based on studying carnivorous bromsli@ivnish et al. (1984) predicted
in their cost-benefit model that carnivory wouldyhe beneficial for plants growing in
sunny, moist, and nutrient-poor habitats, in whioh benefits of carnivory would equal
or rather exceed the costs associated with camnividie model focused on enhanced
photosynthesis as the primary physiological conerge and benefit of carnivory and
made three predictions (see also Givnish, 1989sdfll and Gotelli, 2001; Ellison,
2006, Guisande et al., 2007). First, carnivorouanysl should have an energetic
advantage in competing with non-carnivorous plafisither, the primary energetic
benefit of carnivory should be either an incregskdtosynthetic rate per unit leaf mass
or total leaf mass supported. Finally, the absohérefit of carnivory should saturate
and the marginal benefit should decline with insiieg@ investment in carnivory when
factors other than nutrients (e.g. light, water® #imiting. The main structural and
“nutrient” costs of carnivory are the production waps. However, traps are also
associated with photosynthetic and energetic (naditgbcosts. First, Rax of traps is
lower than that of leaves but the data are stdiree (Knight, 1992; Adamec, 1997b,
2006; Ellison and Gotelli, 2002; Pavléviet al., 2007). Second, RD of traps (as
maintenance cost), due to their intensive physioldgrocesses, is much greater than
that of non-carnivorous parts of the leaves (Kni@892; Adamec, 2006).

Although photosynthesis is a key process and puésitg of plant growth, the
focus of Givnish et al. (1984) on photosynthesigéase as a primary consequence and
benefit of carnivory has probably been rather ostameated. As terrestrial carnivorous
species being S-strategists are evolutionarily tthpo low RGR, the capacity to
accelerate their growth is limited (Adamec, 20020&d; Farnsworth and Ellison, 2008)
and, thus, they do not require high.Pper unit biomass. This conclusion clearly
follows from the study by Shipley (2006) on closgrelation of R values with RGRs
in plants. Moreover, on the basis of the fact #af may not increase due to carnivory
and owing to relatively low foliar N and P conténtcarnivorous plants (see 5.), it is
possible to assume that slow growth of carnivoggasts is rather limited by a shortage
of mineral nutrients necessary for growth procedsegrowing centers. Thus, the
primary physiological benefit of carnivory could be provide N and P for essential
growth processes such as cell division, DNA repilica and proteosynthesis in young,
miniature tissues in shoot apices (Adamec, 2008a)gh the measurement of tissue N
and P content in “bulk” shoot apices did not canfithis assumption (Adamec, 2000,
2008a). In this line, the primary physiological b&hof carnivory in terrestrial species
could also be the stimulation of root nutrient letésee 6.).

Summarily, the ecological cost-benefit relationshifh carnivory could therefore be
expressed (instead of photosynthesis, Givnish.e1884) in the terms aElative gain
of limiting mineral nutrients coming from carnivofgr efficiencyof mineral nutrient
investment in traps). All carnivorous plants haeeinvest some amount of mineral
nutrients in the production of traps {fbr a given nutrient) within the growing season,
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which is a mineral nutrient cost of carnivory. Arfion of this amount () is lost with
the senescent biomass; the differenge-Ni/; is reutilized (see 6.). The traps containing
M, mineral nutrients are able to gain a certain amatfinhineral nutrients from prey
(M3) over their trap lifespan (a trap does not negédgssurvive for an entire growing
season). Assuming mineral nutrient uptake from ptey be the maindirect
ecophysiological benefit of carnivory, then the:M, ratio characterizes thdirect
nutritional benefit (and also efficiency) of caraiy. It expresses how many atoms of
e.g. N is taken up from prey per one atom of N Vaih the senescent trap biomass, but
not per the total trap N amount. However, to ignihe total trap nutrient amount (M

in the nutrient-based cost-benefit relationshipscafnivory is a simplification as
carnivorous plants must invest first this amountttap production, although the
reutilizable amount (YI— M,) is not lost for the plant. Therefore, some déferes in
the interpretation of this model may occur amongrgkeen, temperate, and annual
carnivorous species. Nevertheless, in terrestaialigorous species, a greater proportion
of mineral nutrients gained as a result of carnnisrtaken up by roots from the soil, as
a result of the stimulation of root nutrient uptaleee 6.). Thus, the direct nutritional
gain from prey (M) should be added to the amount of nutrients gaimgidectly by the
plant due to this root stimulation ¢Masindirect ecophysiological benefit of carnivory.
Then, the M:M, ratio characterizes thedirect nutritional benefit of carnivory, the sum
M3 + M, the total ecophysiological benefit of carnivory in the terofsnutrient gain,
and, consequently, the expressions;(M My)/M, characterizes théotal nutritional
benefit of carnivory, as the sum of tldrect and indirect nutritional benefits of
carnivory (see Fig. 1). A simpler interpretationtbése parameters might be for plants
with traps distinctly separated from photosynthétiaves (e.gGenlisea Utricularia)
than for those with combined traps and leaves @rgsera, Pinguicul® Furthermore,

it is possible to assume that, in mineral-richélss@ greater proportion of all mineral
nutrients to the total plant amount will be takenhy roots from the soil (or from the
ambient water in aquatic species) and, thus, thdtional contribution of carnivory will
be declining sigmoidally below 1. The value of taéal nutritional benefit equal to 1
denotes the level under which carnivory for a givautrient is not ecologically
beneficial.

As follows from this definition both the direct, dimect, and total nutritional
benefits of carnivory are zero in carnivorous pdawnithout any prey, however rapid
their growth and nutrient uptake are. This mustdspected at experimental estimations
of these parameters: nutrient amounts in unfedratsnshould be subtracted from those
in variants with prey @nsuHanslin and Karlsson, 1996; Adamec, 2002). Sotfase
parameters have not been presented and completdoddheir calculation are lacking.
Generally, there are two approaches to estimataseess the nutritional benefits of
carnivory. In all cases, for estimation of theseap@eters, the data on the proportion of
trap nutrient amount (or at least DW) to the tgiknt one and on the efficiency of
mineral nutrient reutilization from traps (leaves)e necessary. One approach to
estimate both direct and indirect benefits is basaddetailed data from a growth
experiment on feeding on prey or supply of nutrgsitition onto the traps (Hanslin and
Karlsson, 1996; Adamec, 2002). To estimate ther@uatlinutritional benefit, presented
values of “efficiency of the use of nutrients supg@lonto the leaves” (Adamec, 2002)
might also be used. Secondly, in natural populatmfrcarnivorous plants, the estimated
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values of the proportion of seasonal nutrient gainm carnivory (see 7.2., Tab.1)
together with the relationship between the seasouaient gain and total plant nutrient
amount may be used for assessing the direct mutaitibenefit.

In mineral-poor soils, at high natural rates ofypcapture, on the basis of known
efficiencies of nutrient uptake from prey and renti reutilization (see 6.), and
assuming the proportion of trap DW to the total tmée about 40% iBroseraspp. or
80% in Pinguiculaspp., the total nutritional benefit of carnivorytagh prey capture
rates should be several units (2-10) for N, P, lendround 1 for Mg, but only about 0.5
for Ca, while the direct values for all nutrientsosld be much lower (Fig. 1). The
assessments of direct values for a growth expetimerthreeDroseraspecies fed on
nutrient solution (Adamec, 2002) were about 0.4Np0.2 K, 0.1 Mg, and 0.07 for Ca,
while the total values were about 4.0 for N, 115/ K, 1.1 Mg, and 0.5 for Ca.
Similarly, the experimental data on feeding threedpeanPinguiculaspecies on fruit
flies (Hanslin and Karlsson, 1996) may lead to sseasment of the direct values for N
within 0.8-2.7, while the total ones within 1.7-7. rotundifolia and D. intermedia
capture prey very efficiently and the covering 96%¢heir seasonal N and P gain and
1.5% K gain from carnivory (Table 1; Thum, 1988)ymaad to the direct nutritional
benefit of about 3.6 for N, 8.1 P, but only 0.08 Ko In aquatidJ. macrorhiza the total
value of about 4.3 for N can be assessed fromttity £y Knight (1988).

To what extent does this model reflect reality? i@bsly, this nutritional model
may be useful in comparing and quantifying both ilnérient losses in senescent traps
as the nutritional cost, and the direct and indiradrient gains as the benefits. The
model confirms the experimentally-based resultstlmat the direct mineral nutrient
uptake from carnivory is usually several times lowean the indirect one due to root
uptake stimulation and that this disproportionétatively greater for K, Mg, and Ca
than for N and P (see 6.; Adamec, 1997a, 2002; lihasusd Karlsson, 1996). It follows
clearly from the model that individual mineral riatits taken up from carnivory differ
greatly in their relative benefit for the plantsetnutrients taken up very efficiently from
prey carcasses (N, P, K) and, simultaneously, beéugilized very efficiently from
senescing leaves (N, P, K) are candidates for miineutrients which brought an
ecological advantage for plants with this adaptatand evolutionarily supported
carnivory. In contrast, Mg and Ca reutilizatiorusually very poor and also, due to their
low tissue content in prey and zero Ca uptake fpyey, direct uptake of these two
nutrients from prey could not “drive” carnivoroulapt evolution. Instead, to ensure the
seasonal Ca and Mg gain by the plants and avoisl hpossible Ca- and Mg-based
growth limitation, efficient physiological mechanis were developed to stimulate Ca
and Mg uptake by roots. In conclusion, to be niom#lly beneficial, carnivorous plants
do not need only to capture prey efficiently (peptbiomass), but also to maximize
nutrient uptake from prey and minimize nutrientsles in senescing traps. The fact that
terrestrial carnivorous plants show a very effitidnP, and K reutilization from shoots
supports this concept. The “nutritional” concept adrnivory does not deny the
outcomes of the photosynthetic concept (Givnistalgt1984). Rather, it prefers the
importance of mineral nutrients for carnivory.
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Nutritional benefit

Soil nutrient content

Legend to Fig. 1

Schematic model for the nutritional benefits ofni@ory as dependent on available soil mineral eutri
content (arbitrary units). Nutritional benefitstins scheme include either direct or total nutntibbenefits
(for their explanation see the text). 1, total ismal benefit for N, P, and K, high prey captug;total
nutritional benefit for N, P, and K, low prey capy 3, direct nutritional benefit for N and P aratat
nutritional benefit for Mg, high prey capture; 4irett nutritional benefit for K, Ca, and Mg, highey
capture.

Overall, looking at worldwide species diversitytefrestrial carnivorous plants, it
can be concluded that the majority of species (BBOt80%) do obey the ecological
predictions given by Givnish et al. (1984) and gnmare or less in sunny, moist, and
nutrient-poor habitats (e.g. Juniper et al. 1988yldr, 1989; Rice, 2006; Studka,
2006). However, the other terrestrial species oarcdnsidered facultatively (or even
strictly) sciophilous (i.e. shade adapted) and gvathin the herbal understorey under
the canopy of taller accompanying vegetation ("igicularia, Genlisea Pinguiculg),
or in shaded rocky wall€P{nguiculg), or in tropical rainforests under a canopy oéfre
(Nepenthes, Drosera, Triphyophyllunin contrast,Drosophyllum lusitanicunis an
atypical xerophytic species (Adlassnig et al. 2006)

Within the ecological group of about 50 speciesgfiatic carnivorous plants (see
8.2.), the absence of sunny habitats is presumahilgh more common than in
terrestrial ones as many aquadtitticularia species can either be considered sciophilous
or grow in rather shaded habitats or in dark wateffen <5% of incident irradiance;
Adamec, 2008b). Yet, they are still carnivorous, lunder shade conditions, they could
reduce greatly their growth rate. However, wheadiance falls below a critical limit or
CGO, is under shortage their investment in trap pradacts minimal or zero (Bern,
1997; Englund and Harms, 2003; Adamec, 2008b). a#ipethe above predictions on
habitat requirements given by Givnish et al. (198d¢uld not be applied for aquatic
carnivorous plants. Instead, it is possible to ssggthat carnivory in aquatic
environments will only be beneficial for plantsrintrient-poor and C&rich habitats at
above-threshold irradiance above 5-10% of thalhéndpen.
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10. Phylogeny of carnivorous plants: how many timem the history?

As follows convincingly from modern molecular-taxanic studies, recent carnivorous
plants evolved in 5-6 lineages from its preliminargncestors (probably
protocarnivorous plants; Spomer, 1999) independemil each other within evolution
(i.e., polyphyletic origin; e.g. Miiller et al., 200Heubl et al., 2006; Porembski and
Barthlott, 2006). However, due to the lack of fossaterial, the original ancestral types
are still mostly unknown. For a long time, the palepeciesPalaeoaldrovanda
splendendgrom Late Cretaceous (75-85 mya; Degreef, 1994 eansidered the oldest
known carnivorous plant, representing the ancedyaé of the recenAldrovanda
vesiculosa Recently, a fossil angiosperm plaktchaeamphora longicervikhas been
described from the Early Cretaceous Yixian Fornmatf®25 mya), NE China, as a
possible ancestor of the mode@arraceniaceae(Li, 2005). Morphologically, it
resembles toSarracenia purpureaand Heliamphoravery much. Thus, it probably
represents the oldest carnivorous plant and thg fodsil record of pitcher plants.
Assuming the age of Angiosperms to be about 280 (sga Li, 2005), then these
findings show that the origin of carnivorous plamtas relatively very early in the
evolution of Angiosperms. On the other hand, camiwas lost secondarily in recent
genera of the family Ancistrocladaceae and almost in Dioncophyllaceae (except
Triphyophyllum peltaturrHeubl et al., 2006).

Within carnivorous plants, the greatest attentian recently been paid to studying
the molecular-taxonomic and evolutionary relatiopshn Lentibulariaceae comprising
about 325 species of three genera (e.g., Jobsah 2003; Miuller et al., 2004, 2006;
Laakkonen et al., 2006). In two genera of the esstUtricularia-Genliseaclade, but
not in Pinguicula,extremely high DNA mutation rates were found (Miik al., 2004,
2006). This high mutation rate ibtricularia and Genliseais associated with the
smallest genome size in these two genera withinidspgrms (Greilhuber et al., 2006)
and is explained as the metabolic consequencereétdiiptake of organic substances
(e.g. amino acids). Nevertheless, the rootless taquAldrovanda vesiculosa
(Droseraceae) has exactly the same type of mirsrdl organic nutrition as aquatic
Utricularia species have (see 8.5., 8.6) but its DNA mutatide is extremely low, and
as such could be considered a “living fossil” (Malddo San Martin et al., 2003; Hoshi
et al., 2006). It seems, therefore, that the remafomsuch a behavior will be elsewhere.
In Utricularia (but not inGenliseg species, a mutation in the mitochondrial cytoaheo
c oxidase has recently been found (Laakkonen €2@06). This mutation would permit
the plants to increase energy output (for rapig traovement), but with a 20%
reduction in energy efficiency of the respiratoham. On the basis of their model, the
authors suggest that this mutation leading to greBD could represent a metabolic
benefit, was evolutionary advantageous, and cooidribute to faster evolution of this
genus.
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11. Concluding remarks: inspiration for further research

As shown in the review, carnivorous plants havelaa several times during plant
evolution independently on each other, mainly as emwlogical adaptation to
combination of mineral nutrient poverty in wet spilsually in sunny habitats. Thus,
there was a permanent and strong selective presspiant evolution to adapt to these
stressful conditions. The main ecophysiologicaktsfyy of terrestrial carnivorous
species as S-strategists is slow growth and vefgctefe mineral nutrient economy.
This strategy, together with gaining mineral nuttgefrom carnivory, does not require a
high photosynthetic rate — as compared to non-garous species — and enables them
to survive even in very barren wet habitats. Follgyvrom the typical tissue mineral
nutrient content in animal prey carcasses, it iard P (partly also K) taken up from
prey that are of the greatest importance for ptmotwth. The benefit of carnivory
always depends on the quantity of captured preyhabd successful “trappers” can
compensate from prey up to 60-100% of their sedS¢@and P gain, but only 1-16% of
K. Besides the direct mineral enrichment of carrous plants in nutrients coming from
prey, foliar nutrient uptake from prey very markeditimulates root nutrient uptake
representing the main physiological effect of caory.

Aquatic carnivorous species are ecophysiologicallyite dissimilar to their
terrestrial counterparts. The principal growthtsam rootless aquatic species with linear
shoots — very rapid apical shoot growth and highRR&en in barren habitats — are
associated with very steep physiological polaritpng the shoots and require a
combination of several ecophysiological proces$égy include the capture of animal
prey, very high R, very efficient mineral nutrient uptake from watand efficient
mineral nutrient reutilization (except K) from ssnent shoots.

Generally, it is possible to conclude that carnjvis almost indispensabléor
naturally growing carnivorous plants.

To obtain further insight into the ecophysiology gfowth and nutrition of
carnivorous plants, the following directions of @asch could be considered and the
questions raised could be answered.

1. Basic properties of mineral ion uptake need to toelied in isolated roots, e.g.
mineral nutrient uptake affinity and capacity foiffefent mineral ions, and
compared with those in roots of hon-carnivorousisla

2. The stimulation of root nutrient uptake by foliaptake represents the main
physiological effect of carnivory but its essensesiill unknown. It is not known
whether it is mediated by increased allocationhaftpsynthates or mineral nutrients
from leaves to roots or whether it represents pnymar secondary effects of
utilization of prey.

3. The effect of growth enhancement due to carnivatyich physiological effects are
primary and which are secondary? What is the rblessue N and P content in this
growth enhancement? If carnivory does not incrégsger unit shoot biomass, it is
possible to assume that the positive growth effeactaused by stimulation of cell
divisions in juvenile tissues in shoot apices.

4. Steep growth polarity in aquatic carnivorous plaamd their very rapid apical shoot
growth associated with the steep physiological fitglamply the involvement of
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physiological processes which are insufficientlyderstood (e.g., phytohormone
distribution).

5. In aquatic carnivorous plants, what is the affinitfy shoots for mineral nutrient
uptake from water? Is shoot nutrient uptake from dimbient water stimulated by
prey capture (in analogy with terrestrial speciéa)fat is the efficiency of mineral
nutrient uptake from prey?

6. On the basis of the ecophysiological peculiaribésiquatic carnivorous plants, the
cost-benefit model of carnivory needs to be elatedrefor this particular plant

group.

7. What is the role of organic nutrition in carnivory?

8. Food webs have been described in traps of manyvoaowis plant species. What is
the role of commensals living in the traps for rant uptake by plants?
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