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Abstract Wetlands of northern Belize, distributed
along a salinity gradient, are strongly phosphorus lim-
ited and dominated largely by three species of emer-
gent macrophytes: Eleocharis cellulosa, Cladium
jamaicense, and Typha domingensis. We assessed
changes in root and sediment phosphatase activities
of each species to simultaneous changes of nutrients
(N, P) and salinity in a mesocosm experiment. Phos-
phorus and nitrogen treatment effects on both root and
sediment phosphatase were highly significant for all
the species, while salinity significantly affected root
phosphatase activity in Cladium only. All species
showed a significant negative correlation between
root phosphatase activity and increasing tissue P con-
tent until a threshold of 0.2% P, 0.15% P and 0.12% P
in Eleocharis, Cladium and Typha, respectively.
There was also a significant negative correlation
between soil available P and root and sediment phos-
phatases in all species. Activity of root phosphatases
of Eleocharis and Typha were positively correlated
with root tissue N. Both root and sediment phospha-
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tases of all three species were positively correlated
with soil available N. The strongest (positive) correla-
tion was found between phoshatase activites and N/P
ratios. The results confirmed that these systems are P-
limited and that extracellular phosphatases respond to
P enrichment by decreasing their activities. Expres-
sion of root phosphatase activity by dry root weight,
sediment volume, or whole plant biomass gave very
different relative results across nutrient treatments and
species, suggesting that root phosphatase activities
need to be interpreted in a wider context that consid-
ers root density.
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Introduction

Phosphorus is frequently the most limiting element
for plant and microbial growth and development. To
cope with this limitation, plants and microorganisms
have evolved a range of strategies for P acquisition in
nutrient-deficient environments (Aerts and Chapin
2000; Vance et al. 2003; Oberson and Joner 2005).
Human changes in the global P budget have lead to
eutrophication of previously oligotrophic ecosystems
(Bennett etal. 2001; Martinez-Crego et al. 2006),
thus it is important to understand how adaptations to
low P change when the P-limitation is removed.
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One of the P-acquisition strategies employed by
microorganisms, as well as plants, involves production
and secretion of phosphatase enzymes responsible for
release of P from organic P-esters. Two categories of
plant phosphatases can be distinguished based on their
relative substrate selectivity: (1) specialized enzymes
with clear substrate specificity that are believed to
have distinct metabolic functions (Duff et al. 1994),
and (2) non-specific phosphatases such as root-
secreted extracellular phosphomonoesterases that
occur in a variety of species. Extracellular phospha-
tases are usually located on the outer surface of epider-
mal cells and root apical meristems and they appear
relatively stable for hours to days (Vance et al. 2003).
The expression of the root-surface and sediment phos-
phatase activity is regulated by the extent of P limita-
tion to plant and microbial growth (Wright and Reddy
2001; Phoenix et al. 2003). In the presence of adequate
supplies of orthophosphate, the enzyme is usually
repressed, while under P-limitation it is stimulated.
Enhanced enzyme activity has also been reported as a
response to increased nitrogen availability and subject
to stressors, namely salinity (Duff et al. 1994). The
majority of reports on root or sediment phosphatase
activities focus on the potential role of these enzymes
in improving P economy of agricultural crops (Taraf-
dar and Claassen 1988; Asmar and Gissel-Nielsen
1997; Tarafdar and Gharu 2006) and on exploring pos-
sibilities of use of the phosphatases as biomarkers
indicating the level of water eutrophication (Hernan-
dez et al. 2002; Newman et al. 2003; Martinez-Crego
et al. 2006; Ellwood and Whitton 2007).

As part of a research project studying changes in
ecosystem processes and community structure fol-
lowing nutrient additions, we conducted a mesocosm
experiment to evaluate the response of three macro-
phyte species, Eleocharis cellulosa Torr., Cladium
Jjamaicense Crantz and Typha domingensis Pers., and
cyanobacterial mats to factorial combinations of low,
medium and high salinity, P, and N. The results
focusing on the impact of increased nutrient availabil-
ity on the growth and nutrient uptake of these species
are presented in Macek and Rejmédnkovd (2007),
while a paper by Rejmankova and Komarkova (2005)
reports on the response of cyanobacterial mats. Here
we focus on changes in root and sediment phospha-
tase activities in these species resulting from the com-
bined effects of P and N addition and increasing
salinity.
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We aimed to answer the following questions: (1)
How do the root and sediment phosphatase activities
respond to changes in P, N and salinity? (2) Does the
root phosphatase activity depend more on the external
P availability or P tissue content? (3) Are the activities
of root and sediment phosphatases correlated? (4) Are
there any species specific differences in enzyme activ-
ity? We hypothesized that (1) phosphatase activities
will decrease with increasing P and the decrease will
depend on both plant tissue and sediment P concentra-
tions, (2) the activity of the enzymes will be stimulated
by higher sediment and plant N concentration, and (3)
the enzyme activity will decrease with increasing
salinity. While there is a general consensus in the liter-
ature on the enzyme responses to P and N (Sinsabaugh
and Moorhead 1994; Christmas and Whitton 1998;
Ellwood and Whitton 2007), the reports on phospha-
tase response to increasing salinity are conflicting and
range from a decrease in activity (Nausch 1998;
Rejmankova and Komdrkovd 2005) to no response
(Sirova et al. 2006) or increased activity (Duff et al.
1994; Hernandez et al. 2002). We did not have a clear
prediction for potential differences in phosphatase
activities among the investigated species. Kuhn et al.
(2002) found significantly greater root phosphatase
activity in Cladium as compared to Typha and
explained this by a better adaptation of Cladium to
P-limiting conditions of peat in the Everglades, USA.
However, our unpublished data indicated that all three
species exhibit high root phosphatase activity when
grown in the P-limited marshes of Belize where P-lim-
itation is accentuated by high availability of calcium
and subsequent co-precipitation of available P.

Materials and methods

The investigated species, Eleocharis cellulosa Torr.,
Cladium jamaicense Crantz and Typha domingensis
Pers., are rhizomatous, clonal, non-mycorrhizal mac-
rophytes, and in terms of life strategies sensu Grime
(2001), they range from a competitor (Typha) to stress
tolerators (Eleocharis and Cladium) (Rejméankova
et al. 1996).

Mesocosms

Pre-planted, same age ramets of the three species,
originating from a medium salinity marsh, were
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trimmed to have only the youngest 3—4 leaves (Cla-
dium, Typha) or 2-3 shoots (Eleocharis) and planted
in 4-1 plastic pots. The initial root biomass was
approximately equal for all species (range 0.1-
0.2 g DW). The pots were filled with 3,500 cm® of
sediment consisting of a mix of peat, clay and marl,
which is typical of many northern Belizean marshes.
The mix had a bulk density 0.32 g cm~>, pH 7.3, and
contained 16.5% C, 1.22% N, and 0.013% P. Pots
were placed in mesocosms (88 cm x 88 cm x
30 cm), and flooded by rain water to reach a water
level of ~3 cm above the soil surface. A full factorial
design of three salinities, three levels of P and three
levels of N was used. One mesocosm was kept as a
control with no additions. The mesocosms were
located in a grassland area adjacent to a pond on the
outskirts of the town of Orange Walk, Belize. Plants
were placed in separate pots with four replicate pots
per species.

A mixture of salts that reflects the average water
ionic composition of marshes in the region (Rejmén-
kovéa, unpublished data) was used for the salinity
treatment. CaSO, - 2H,0: 0.5 g17!; MgSO, - 7H,0:
0.5g17!; CaCl, - 2H,0: 0.5g17"; K,SO, 0.5g17};
NaCl:2.5 g 17! were mixed in rain water. The salinity
was increased gradually over 2 weeks to reach the
final values of low (0.2-0.5 ppt), medium (1-1.5 ppt)
and high (4-5 ppt). Salinity was adjusted bi-weekly
or after a heavy rain, as needed.

Phosphorus was added as KH,PO, and nitrogen as
NH,NO;. Nutrients were injected with a syringe
about 10 cm below the sediment surface of each pot
in 6 days intervals (10 additions total). Additions of
nutrients over the duration of the experiment corre-
sponded to an annual equivalent of 1gm™2y~!,
10 gm~2y~!, and 20 g m~2y~!, for low, medium and
high N, respectively, and to 0.5gm 2y}
5gm~2y~! and 10 gm2y~!, for low, medium and
high P, respectively. These additions were selected to
correspond to an ongoing long-term field nutrient
addition experiment (Rejmankova et al. 2008). To put
these values in perspective, the average extractable
sediment P concentration in the marshes in the study
area ranges from 0.5 to 1 pg cm™, while the lowest
addition in the mesocosm experiment corresponded to
3.5 ugcm™>. The experiment began with the first
addition of nutrients after the final salinities had been
established. It lasted from January 30 through March
30, 2002.

Sample collection and nutrient analysis

At the end of the experiment, the plants were har-
vested and divided into leaves/shoots, rhizomes and
roots. Sediment samples were collected with a 2 cm
diameter soil corer. Dry leaf/shoot and root tissue was
ground and assayed for total N with a Perkin Elmer
HCN analyzer. Total P was measured spectrophoto-
metrically using ascorbic acid reduction of phospho-
molybdate complex after combustion and consequent
acid digestion in 2 N HCl (McNamara & Hill 2000).
Interstitial water samples collected for nutrient analy-
sis were placed into HCl-rinsed plastic bottles and
stored on ice until processing. The samples for NH,—
N, NO;—N and PO,—P were filtered through a
0.45 pm filter within 1 h after sampling and frozen
until analysis. They were later analyzed using stan-
dard colorimetric methods (Murphy and Rilley 1962;
Solorzano 1969; Kamphake et al. 1967, for PO,-P,
NH,-N, NO;-N, respectively). Interstitial PO,~P and
the sum of NH,—N and NO;-N were used in data
analyses as proxies for plant-available P and N.

Phosphatase

Phosphatase activity was measured using methylum-
belliferyl phosphate (MUFP) as a substrate (Hoppe
1993). Apical portions of roots, 0.075-0.15 g fresh
weight, were washed in distilled water, towel-dried,
and pre-incubated for 50 min in 8 ml of pH 8 Tris
buffer at 30°C. Bacteria attached to root surface may
be significant sources of phosphatase activity. In a pre-
liminary trial we compared the phosphatase activity of
roots treated with sodium azide solution to kill the sur-
face bacteria (Kuhn et al. 2002) with activity of roots
washed in distilled water only. Since we did not find
any significant differences between these two treat-
ments (Eleocharis: 8.87 +2.22 SD and 8.75 + 0.75
SD, Typha 8.48 £3.39 SD and 8.56 +£3.15 SD,
Cladium 421 =138 SD and 4.46 +0.61 SD for
azide and distilled water, respectively), we omitted the
sodium azide rinse. Then 2 ml of 5 mM MUFP (final
concentration 1 mM) were added and the samples
were incubated at 30°C for 40 min. The reaction was
terminated by adding 0.5 ml of 0.2 N NaOH. Fluores-
cence of the methylumbeliferon (MUF) was measured
with a Quantech fluorometer equipped with a near-UV
lamp, 430 nm emission filter, and 365 nm excitation
filter. Ratio of fresh weight/dry weight was assessed
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on representative samples for each species and the
length, surface area and diameter of roots were mea-
sured on a root scanner using WIN/Mac RHIZO
(Regent Instruments Inc.) interactive image analysis
software. Root phosphatase activity was expressed on
both a dry-weight and surface-area basis. Sediment
phosphatase activity was measured in a slury (1 g
fresh weight of sediment was shaken with 10 ml of
Tris buffer). One milliliter of this suspension was com-
bined with 3 ml of Tris and 1 ml of 5 mM MUFP (for
final concentration of 1 mM MUFP), incubated at
30°C for 60 min, filtered and the fluoresecence imme-
diately measured as above. A portion of the homoge-
nized sample was treated with HgCl, (4 mM 17! final
concentration), which served as a fixative stopping all
enzymatic activity, and used as blank in three repli-
cates to determine non-enzymatic hydrolysis of the
substrate.

Data analyses

Data were analyzed using multifactorial ANOVA
with species, salinity, N and P as factors. In all analy-
ses, most of the interactions of species x factor were
significant, which means that species responded to the
treatments differently. Therefore we used only three
factors (salinity, N, P) in succeeding analyses, and we
evaluated data for each species separately. For post-
hoc comparisons we used Scheffé test. Path analysis

of direct and indirect effects of sediment phosphorus
and nitrogen on root phosphatase activity of
Eleocharis  cellulosa, Typha domingensis and
Cladium jamaicense was performed according to
Pedhazur (1997).

Results

Phosphorus and nitrogen treatment effects on both
root and sediment phosphatase were highly signifi-
cant for all the species (Table 1; Figs. 1 and 2). Salin-
ity significantly affected root phosphatase activity in
Cladium, a marginal effect was seen in Eleocharis,
and phosphatase activity of Typha was not affected by
salinity at all. Activities of both root and sediment
phosphatases decreased in response to P addition.
This decrease was significant between low and
medium and low and high P-addition only (Scheffé,
P < 0.01), while the differences between medium and
high addition were not significant. The exception was
the sediment phosphatase activities in Cladium where
there was no difference between the low and medium
P addition, while the difference between low and high
and medium and high treatments was significant
(Scheffé, P < 0.05). A significant P x N interactions
in root phosphatase of Eleocharis and Typha, and sed-
iment phosphatase of Cladium resulted from the fact
that the phosphatase activity was decreasing with

Eleocharis cellulosa P Typha domingensis P Cladium jamaicense P

Table 1 Results of df

ANOVA comparing the

effects of phosphorus (P), Root

it N) and salinity (S

nitrogen (N) ane sauty ) Phosphorus, P 2 <0.001

on root and sediment

phosphatase activity of Nitrogen, N 2 0.028

Eleocharis cellulosa, Typha Salinity, S 2 0.069

domingensis, and Cladium PxN 4 0.012

jamaicense ’
P xS 4 0.555
N xS 4 0.037
PxNxS 8 0.111
Sediment
Phosphorus, P 2 <0.001
Nitrogen, N 2 0.005
Salinity, S 2 0.334
PxN 4 0.318
P xS 4 0.107
N x S 4 0.013
PxNxS 8 0.683

<0.001 <0.001
0.009 0.002
0.941 <0.001
0.002 0.721
0.106 0.785
0.912 0.449
0.102 0.393
<0.001 <0.001
0.02 <0.001
0.96 0.543
0.186 0.001
0.167 0.003
0.361 0.266
0.600 0.010
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Fig. 1 Root phosphatase activity (umol g DW ™! min~!). Error
bars indicate the standard error; n = 4

increasing P, while it was increasing with increasing
N. The significant N X salinity interactions in both
root and sediment enzyme activity of Eleocharis is
obviously also a result of the two opposite trends,
increasing enzyme activity with increasing N and a
slight decrease with increasing salinity.

We did not include a treatment of no N and no P
addition to the data analyses due to problems with
unbalanced design. However, when comparing the low-
est nutrient addition treatment to the no addition treat-
ment, there were no significant differences between
either root or sediment phosphatases in any of the three
species (t-test, P> 0.05, data not shown), although
there was an indication of higher root phosphatase
activity in Typha (6.8 £ 0.53 SD and 10.7 £ 3.21 SD
pmol g DW~! min~! for low addition and no addition,
respectively) and Cladium (3.33 +1.36 SD and
5.13 £ 1.02 SD pumol g DW~! min~"! for low addition
and no addition, respectively).

Fig. 2 Sediment phosphatase activity (umol g DW ™! min™").
Error bars indicate the standard error; n = 4

When expressed on the dry weight basis, the activ-
ities of root phosphatases were similar for Eleocharis
and Typha but lower for Cladium (Figs. 1, 3a). When
expressed on the root surface area basis, a completely
different picture emerged: activities of root phospha-
tases of Typha were the lowest while there were
almost no differences between Eleocharis and
Cladium (Fig. 3b). This was because Typha had the
highest specific root area, SRA (root area/root dry
weight), of the three species. Since we knew the dry
weight of the roots per pot and the volume of sedi-
ment in the pot, we also expressed the enzyme activ-
ity per volume of soil. In this case, Typha, which
grows proliferously and has high root production, dis-
played two to four times higher activities than the
other two species (Fig. 3c).

The effects of various factors of interest on the
phosphatase activity was further evaluated by a series
of simple correlations (Table 2). All species showed
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Fig. 3 Root phosphatase activity expressed on the basis of: (a)
root dry weight, (b) root surface area, (¢) sediment volume, and
(d) the total plant biomass in treatments with low, medium and
high phosphorus addition averaged over all N treatments. Error
bars indicate the standard error; n = 4
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highly significant negative correlation between root
phosphatase activity and increasing P content of
leaves and roots. There was also highly significant
negative correlation between log of plant-available P
and root and sediment phosphatases in all species. On
the other hand, root phosphatases of both, Eleocharis
and Typha were positively correlated with root tissue
N. Both root and sediment phosphatases of all three
species were positively correlated with log of plant-
available N; the correlation with leaf tissue N was
either weak or insignificant. Root phosphatase activi-
ties were also closely correlated with both root and
leaf tissue N/P, and both root and sediment phospha-
tatses were closely correlated with log of plant avail-
able N/P.

Concentrations of sediment nutrients may impact
root phosphatase activities directly but may also
affect them indirectly through changes in root tissue
nutrients. To elucidate the importance of these direct
and indirect effects, we used a simple path analysis
(Fig. 4). It revealed that the direct negative effect of
the plant-available P (coefficient a,, in Fig. 4) was
significant for all three species and is more impor-
tant than the indirect negative effect through root P.
Unexpected was the significant negative effect of
plant-available P through root tissue N in Eleocharis
and Typha. To explain this, we have to look at the
response of tissue N to increases in available P. Root
tissue N in both species was negatively correlated
with increasing plant-available P (P = 0.002 and
P =0.01, respectively); no such correlation was
found for Cladium. Although the simple relationship
of root phosphatase and root tissue N was positive
(see Table 2), the overall indirect effect of plant-
available P was negative. The direct effect of plant-
available N on phosphatase activity was insignifi-
cant for Eleocharis and Typha but significantly posi-
tive for Cladium. Path analysis also indicated an
indirect positive effect of increasing plant-available
N through root tissue N that was significant for
Eleocharis and Typha. There was also an indirect
positive effect through root P resulting from the
combination of two negative effects: (1) more N in
sediments decreased root P, (2) more root P
decreased phosphatase. Activities of root and sedi-
ment phosphatases were highly correlated in all
species (Table 2).
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Table 2 Simple regression statistics for comparison of phosphatase Table 2 continued
activities vs. variables of interest
Variable Effect R? P-value
Variable Effect R? P-value
Cladium jamaicense—sediment phosphatase
Eleocharis cellulosa—root phosphatase Log plant-available P _ 0.588 <0.001
Root P - 0.503 <0.001 Log plant-available N + 0218 0.014
Root N + 0.520 <0.001 Log plant-available N/P + 0.552 <0.001
Root N/P + 0.644 <0.001 3 3 . N
Sediment interstitial PO,~P and sum of NH,~N and NO;-N were
Leaf P - 0.534 <0.001 used as proxies for plant-available P and N
Leaf N NS
Leaf N/P + 0.615 <0.001 ar
Log plant-available P - 0.599 <0.001 m
21 oo
Log plant-available N + 0.291 0.004 Plant-available P (1 %‘ Ph
] orN asi y osphatase (4)
Log plant-available N/P + 0.718 <0.001 Root N (3) U
Water conductivity NS
Sediment phosphatase + 0.423 <0.001 CORRELATION (rj) AND PATH (aj) COEFFICIENTS
Eleocharis cellulosa—sediment phosphatase Eleocharis cellulosa Typha domingensis ~ Cladium jamaicense
Log plant-available P — 0.599 <0.001 Plant-available P
Log plant-available N + 0.357 0.001 41 -0.77 -0.88 -0.76
Log plant-available N/P + 0.493 <0.001 a -0.51 -0.65 -0.50
Typha domingensis—root phosphatase a1 " as -0.03 -0.13 -0-29
Root P - 0674 <0.001 a1 " 2us 023 o1 0.004
U 0.53 0.42 0.63
Root N + 0.325 0.002
Root N/P + 0.804 <0.001 Plant-avallable N
Leaf P - 0.623 <0.001 o 0.54 0.52 0.53
Leaf N + 0.221 0.014 au 0.18 0.15 0.36
Leaf N/P + 0.798 <0.001 az *as 0.17 0.26 0.16
Log plant-available P - 0.785 <0.001 ast " aus 0.19 0.12 0.005
Log plant-available N + 0.239 0.003 u 0.40 045 0.60
Log plant-available N/P + 0.618 <0.001 Fig. 4 Path diagram of direct (a,;) and indirect (a,; x a,, and
Water conductivity NS ay, X ay3) effects of plant-available phosphorus (P) and nitrogen
Sediment phosphatase + 0.569 <0.001 (N) concentrations on root phosphatase activity of Eleocharis cel-
. . . lulosa, Typha domingensis and Cladium jamaicense. Path coeffi-
Typha domingensis—sediment phosphatase . . . . .
i cients a,, and a5, are standardized simple regression coefficients,
Log plant-available P - 0.586 <0.001 path coefficients a4, and a,; are standardized partial regression
Log plant-available N + 0.271 0.005 coefficients from the multiple regression. r,, is the overall corre-
Log plant-available N/P + 0.624 <0.001 lation between plant-available P (N) and phosphatase activity.
Lo . Path coefficients printed in bold are significant at P < 0.05. If both
Cladium jamaicense—root phosphatase . X ol
path coefficients forming a product are significant at P < 0.05, the
Root P - 0516 <0.001 product is also printed in bold. The residual variable U includes
Root N NS all unmeasured variables that affect the dependent variable and its
Root N/P + 0.514 <0.001 path coefficient = \/1—R2, where R is the proportion of variation
Leaf P _ 0.383 0.001 in the dependent variable explained by the model
Leaf N + 0.118 0.080
Leaf N/P + 0.460 <0.001 Discussion
Log plant-available P - 0.588 <0.001
Log plant-available N * 0.218 0.022 Enzyme activity and available phosphorus
Log plant-available N/P + 0.606 <0.001
Wat ductivit 0.210 0.016 . . R
ater concuctivity * The prediction of decreasing phosphatase activity in
Sediment phosphatase + 0.344 0.001

response to increased amount of available P was
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confirmed for both root and sediment phosphatases.
This was not surprising as similar relationship has
been found in various plant species and/or sediments
(Kroehler and Linkins 1988; Duff et al. 1994; Wright
and Reddy 2001). The closest comparison with sedi-
ment phosphatases comes from the paper by Sirova
et al. (2006) who measured activities of phosphatases
in the layer of benthic cyanobacteria and underlaying
sediments in marshes of northern Belize, i.e., same
type of sediments as those used in our mesocosms,
and compared the enzyme activities among controls
and P-enriched plots. They observed a significant
suppression of phosphatase activity in sediments of
P-addition plots with the highest activities in the P
concentration range of 100-500 pg1~' and a sharp
threshold at 500 pg 1!, Similarly, our highest activi-
ties were found at the lowest P additions, which had
the average interstitial water P concentration of
42 ug 17!, Kuhn et al. (2002) found the highest root
phosphatase activities in the range of 10-80 pg 1=! of
inorganic P in the interstitial water and a significant
decrease at 500 ug 17!, The phosphatase activity of
cyanobacterial mats from the mesocosm experiment
followed a similar trend, although the absolute values
were about 2-3x higher than the sediment enzyme
activities (Rejmdnkovd and Komadarkova 2005). A
highly significant decrease in phosphatase activities
was also registered in samples of the decomposing lit-
ter located in P enriched plots (Rejmadnkovd and
Sirovd 2007). Wright and Reddy (2001) observed
similar trends for the activity of extracellular enzymes
in the Everglades wetland soils.

The best comparison to our root phosphatase
activities are Kuhn et al. (2002) data on the root
phosphatase activities in Typha and Cladium grown
in the Everglades peat. In agreement with their
results, we found a significant decrease in enzyme
activity in response to added P. However, the spe-
cies response was different. Kuhn et al. (2002) found
significantly higher enzyme activity (based on dry
weight) in Cladium compared to Typha, which is
just the opposite of our results. They explained the
species specific differences by the fact that Cladium,
a species adapted to oligotrophic conditions,
expresses higher phosphatase activities than Typha,
a species used to relatively eutrophic conditions. We
speculate that the Typha plants used in our experi-
ment originated in a population growing in a nutri-
ent poor marsh and thus were adapted to low P
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levels. Moreover, even at the nutrient enriched loca-
tions, most of the P is still in the organic form
(Turner and Newman 2005, Rejmdnkova, unpub-
lished data), and in order to sustain their vigorous
growth, Typha probably has to employ the extracel-
lular enzymes.

Although there was a significant decrease in phos-
phatase activity at higher P levels, the enzymes were
not inhibited completely and activities were detected
even in roots from the highest P additions
(>2,000 pg 17! of PO,~P in the interstitial water).
This seems in line with the growing body of literature
on the possible existence of different enzyme pools,
one constitutive, irrepressible by inorganic phosphate
levels and one adaptive regulated by the concentra-
tion of inorganic P (Kroehler and Linkins 1988; Wet-
zel 1992; Phoenix et al. 2003).

We also asked whether the root phosphatase
activity depends more on the external P availability
or P tissue content. The results of simple correla-
tions and path analysis indicated that while increas-
ing concentrations of both, plant-available and
tissue P led to a significant decrease in phosphatase
activity, the direct effect of plant-available P on
enzyme activity was more significant. Contrary to
our results, Christmas and Whitton (1998) and Ell-
wood and Whitton (2007), who studied surface
phosphatase activities in aquatic mosses, found the
internal P concentration to be responsible for regula-
tion of phosphatase activities, but no significant cor-
relation between phosphatase activity and water P.
Similarly, Martinez-Crego et al. (2006) reported a
negative correlation between both root and leaf tis-
sue P and extracellular phosphatase activities in sea-
grass, Posseidonia oceanica, but no relationship
with P in water. The investigated mosses and sea-
grass came from environments, streams and a
coastal sea meadow respectively, with water P fluc-
tuating more than in our mesocosm experiment. In
such case, the internal P concentration that inte-
grates P availability over a longer period may show
a tighter correlation with enzyme activities than
water P.

Christmas and Whitton (1998) give a value of
0.3% tissue P as a threshold, below which the phos-
phatase activity starts increasing. This is a higher con-
centration than what we found: Eleocharis had the
highest threshold (0.2%), followed by Cladium
(0.15%) and Typha (0.12%).
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Enzyme activity and nitrogen

We found a strong positive correlation between sed-
iment nitrogen and both root and sediment phospha-
tases. This is in agreement with Johnson et al.
(1999) and Phoenix et al. (2003) who found higher
enzyme activities in Plantago lanceolata and sev-
eral calcareous grassland species that were exposed
to increased sediment nitrogen. Phoenix et al. (2003)
explained the stimulatory effect of increased N
availability on phosphatase activity by a phosphate
starvation inducible type response—their results
suggested that the expression of genes in the pro-
posed phosphate starvation rescue system could be
sensitive to shoot and soil N as well as P. An inverse
relationship has been reported between tissue N and
water/sediment P (Phoenix et al. 2003, Ellwood and
Whitton 2007). Similarly, Eleocharis and Typha in
our experiment showed a significant decrease in root
tissue N with increasing P in the sediments
(P =0.003 and 0.016, respectively). In sediment
where inorganic P is increasing, this decrease in N
does not have any significant effect on enzyme activ-
ity because the negative effect of increasing sedi-
ment P is much stronger than the negative effect of
decreasing root tissue N (see the path analysis). In
environments, such as many wetlands, with abun-
dant supplies of organic P, where root phosphatases
are needed to break the organic compounds, plants
with higher root tissue N content should be at an
advantage.

Enzyme activity and salinity

We did not find any direct response to salinity
changes in Eleocharis and Typha, while in Cladium,
contrary to our prediction, root phosphatase activity
significantly increased at higher salinities. Accord-
ing to Duff etal. (1994), salt stress is among the
environmental determinants that elicit increased
expression of intra-and/or extracellular phospha-
tases. Increased salinity represented a significant
stress to all three species and decreased their growth
(Macek and Rejmankovad 2007). Salinity did not
have any direct effect on sediment phosphatase,
which is in agreement with the study of Sirov4 et al.
(2006) who found that enzymes in wetland sedi-
ments in our study area were not significantly
impacted by salinity.

Data interpretation

Any direct comparison of absolute values of root
enzymatic activities among different species and with
data presented by other researchers is difficult
because of different methodologies (different sub-
strate type and concentration, different reaction tem-
peratures, different pH). The data interpretation is also
complicated by the fact that different authors express
the enzyme activities based on different entities (dry
weight, fresh weight, root length, protein amount,
etc.). Fresh or dry weights are most commonly used
to base enzyme activity on (Turner et al. 2001; Phoe-
nix et al. 2003; Playsted et al. 2006). However, there
are major differences in specific root area (SRA)
among different species and functional types. It fol-
lows that if enzyme activities are expressed per unit
root weight, then what seems as a significant differ-
ence in enzyme activity may only be an artefact
caused by SRA differences (Phoenix et al. 2003). The
discrepancy caused by different ways of expressing
the enzyme activity should serve as a warning: If the
enzyme activity is expressed based on dry weight,
only species with similar SRA should be compared,
otherwise the comparison is meaningless. To make
more meaningful speculations about the role of root
phosphatase activities of different species, we need to
know the root density per sediment volume. As dem-
onstrated by our example (Fig. 3c), when root phos-
phatase activity was expressed per sediment volume,
Typha had by far the largest activity due to its prolific
root growth. Its root density was two to four fold that
of Eleocharis and Cladium (Macek and Rejméankovd
2007). The drawback of expressing the enzyme activ-
ity per sediment volume is that there are not many
data available on root density for wetland plant spe-
cies and not all the parts of the roots release the same
amount of enzyme. The enzyme activities are concen-
trated to actively growing root tips and the activity
decreases with the distance from the tip (E. Rejman-
kov4, unpublished data).

Cladium has been frequently described as a stress
tolerator exhibiting strong morphological constraints
and being well adapted to low nutrients (Newman
et al. 1996; Lorenzen et al. 2001). It has been argued
that for slow growing macrophytes, such as Cladium,
the nutrient uptake by their less extended root system
is still high enough to supply their growth (Macek and
Rejmankova, 2007). Typha, on the other hand, has
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been characterized as a typical competitor in terms of
its plastic opportunistic guerrilla growth strategy, fast
and efficient space occupancy and rather wasteful
nutrient management (Chiang et al. 2000; Lorenzen
etal. 2001). Eleocharis is known to respond rapidly
to nutrient addition, but it displays limited rhizome
plasticity (Daoust and Childers 2004; Chen et al.
2005; Macek and Rejmédnkova 2007) and can be con-
sidered as an intermediate between the two above
species. Figure 3d expresses the root phosphatase
activity based on the total final biomass of each spe-
cies. There were no diferences between Eleocharis
and Typha but Cladium exhibited significantly lower
root phosphatase activity. This is in agreement with
life strategies of these species. Cladium grows slowly,
conserves nutrients and apparently also conserves the
amount of enzymes it produces, while Typha and
Eleocharis release more enzyme relative to their total
biomass.

The sediment and root phosphatases of individual
species were well correlated. Sediment phosphatases
are generally believed to be of microbial origin, but
several authors suggest that plant phosphatases may
be even more important than phosphatases produced
by rhizosphere organisms (Tarafdar and Claassen
1988). According to Asmar and Gissel-Nielsen
(1997), the rhizoplane microorganisms contributed
about 3% of total activity while the rest comprised
root-originated enzymes. Similarly, Colvan et al.
(2001) stated that phosphatases in soils are primarily
of plant origin and are stabilized through complexa-
tion with humic substances. We speculate that since
we found a close correlation between sediment and
root phosphatases, the sediment phosphatases were of
plant origin. The counterargument is that when the
phosphatases were expressed on per volume basis, the
sediment phosphatases were an order of magnitude
higher (data not shown). More sophisticated method-
ology than what we used would be needed to answer
these questions.

In conclusion, we confirmed that sediment and root
phosphatases are highly sensitive to changes in sedi-
ment N and P in all species, while salinity impacted
only Cladium. Collectively all results from various
studies from the Belizean marshes support the theory
that these systems are P-limited and the extracellular
phosphatases respond to P enrichment by decreasing
their activities. In terms of root phosphatases though,
the root amount increased with P addition and so

@ Springer

when the enzyme activity was expressed per sediment
volume, the differences between enriched and un-
enriched sites became less significant. The informa-
tion on root phosphatase activities needs to be inter-
preted in the context of wider information on root
density.
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