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Abstract

Short-term phosphate uptake by excised leaves of Zastera noltii Hornem. as well as by leaves of sediment-rooted
plants were characterized and compared in a kinetic framework. Time courses of phosphate disappearance were
measured over a wide range of initial substrate concentrations. Phosphate uptake determined by this perturbation
method did not follow Michaelis-Menten kinetics. Both excised leaves and sediment-rooted plants exhibited a
biphasic uptake pattern as a function of phosphate concentration. However, rooted plants showed higher uptake
rates and accumulated higher amounts of phosphate than excised leaves. The results point out the importance
of the structural and functional coupling between shoots and underground parts during the nutrient foliar uptake
processes. Qur study also indicates that Zostera noltii leaves function as a phosphate sink in the water column.

A second objective of this work is to compare the perturbation and the multiple flask methods in determining the
uptake kinetic parameters. The obtained results support that both methods provide valuable and complementary

information in determining the uptake rates.

Introduction

Seagrasses are important primary producers in coastal
marine and estuarine ecosystems (McRoy & McMil-
lan, 1977). Their production is the basis of detrital food
chains and other secondary production (Short, 1987),
providing habitat and nursery areas for many aquatic
organisms (Kikuchi, 1980). No satisfactory explana-
tions about the functioning of the seagrass produc-
tion mechanisms, and their associated ecosystem, are
possible without some considerations of the nutrient
supply for growth, since considerable nutrient uptake
is required to maintain plant development at the high
primary production rates observed in seagrass beds
(McRoy & McMillan, 1977).

Zostera noltit Hornem., as other submerged aquatic
angiosperms, is capable of taking up phosphate from
the surrounding water by the leaves as well as by the
root-rhizomes from the interstitial water of the sedi-
ment. Presumably the sediment is the principal source

of phosphate, but the relative concentrations of phos-
phate in the water and sediment determine the main site
for uptake (McRoy & Barsdate, 1970; Patriquin, 1972;
McRoy & McMillan, 1977; Carignan & Kalff, 1979;
Penhale & Thayer, 1980; Carignan, 1982; Thursby
& Harlin, 1984; Brix & Lyngby, 1985; Granéli &
Solander, 1988; Pérez-Lloréns et al., 1993). Under the
eutrophic conditions in Palmones river estuary (SW
Spain), where large populations of Z. noltii occur, these
plants will therefore probably be able to cover its phos-
phate requirements largely from the overlying water
via the leaves if foliar uptake is a significant source of
phosphate.

Despite of the literature cited above, there is a
paucity of quantitative information concerning the
nutrient uptake kinetics by seagrasses. Only a limit-
ed number of papers deal with nitrogen uptake kinet-
ics (McRoy & Goering, 1974; lizumi & Hattori,1982;
Thursby & Harlin, 1982, 1984; Short & McRoy, 1984,
Zimmerman et al., 1987, Hemminga et al., 1991),
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while no previous studies are available for phosphate
short-term uptake kinetics.

The present investigation was undertaken to char-
acterize the short-term phosphate uptake (£3 h)
by excised leaves versus sediment-rooted plants of
Zostera noltii in a kinetic framework. The comparison
of the kinetic parameters obtained in both approach-
es, might give an idea of the structural and functional
coupling between leaves and underground parts dur-
ing the foliar uptake of this nutrient. One might expect
a priori that cutting the leaves would alter the uptake
rates due to a wounding responses or to interruption
of the transport system or elimination of active sink
regions (young rhizomes and roots). In such case, the
physiological measurements reported in the literature
obtained from detached plant parts, should be taken
with care when they are extrapolated to the whole plant
or ecosystem.

A second objective of this work is to compare two
different methods (perturbation or batch versus multi-
ple flask method) in determining the uptake rates based
in the disappearance of the nutrient from the culture
medium.

Material and methods
Sampling site and harvesting

Plant material was collected in June 1988 from a small
(ca 3.75 km?) and shallow (mean depth 2 m) estu-
ary (Palmones) located in the Algeciras Bay, South-
ern Spain (36 °11'N, 5 °27'S). Phosphate concentra-
tions in water and sediment are highly variable (0.5~
25 pM and <50 uM respectively) depending upon tide
and wastewater discharge (Clavero et al., 1991). The
intertidal mudflats are covered by Zostera noltii beds,
remaining exposed at low tide.

Two harvesting techniques were used depending
on the experiment. For the incubations performed with
excised leaves, green healthy shoots free of visible
epiphytes were collected. In experiments to study of
phosphate uptake kinetics by leaves of sediment-rooted
plants, clear PVC cylinders (n= [2) were employed by
pushing the open-bottomed cylinders (length 35 cm,
diameter 14 cm) into the sediment 10 cm and sealing
the bottoms with a plastic rubber after pulling.

Since uptake determinations on whole plants are
preferable for ecological measurements (Harrison &
Druehl, 1982), the ‘corer methodology’ was used
instead of the two-compartment chamber method

(i.e. Pérez-Lloréns et al., 1993), because uprooting a
plant could result in stress which may affect the nutrient
uptake processes; in addition, it is extremely difficult to
approximate the sediment-like conditions surrounding
the rhizosphere (Penhale & Thayer, 1980).The use of
control cylinders without plants is necessary to check
the exchange of phosphate between sediment and over-
lying water.

Detached leaves and enclosures were kept cool and
transported to the laboratory within 3 hours of col-
lection. There, plant material was further washed to
remove attached remaining algae and other organisms.
Senescent leaves in the enclosures were removed, leav-
ing an enclosed standing crop of 1.65:0.2 g DW in
each cylinder.

Three days before starting the experiments, all
shoots within the control cylinders were gently
removed, leaving the underground parts in the undis-
turbed sediment. Corers with just bare sediment are
not suited to serve as controls because the absence of
living and dead underground plant parts results in a
sediment layer with different characteristics compared
to vegetated sediment, being important in relation with
nutrient exchange rates (Caffrey & Kemp, 1990).

Pre-experimental treatment

Excised leaves and sediment-rooted plants were sub-
jected to the same pre-experimental treatment,

Plant material was preincubated in phosphate-
deficient natural seawater before any experimen-
tal work. The seawater was stripped of phosphate
(<0.05 M) by incubating 1 g DW of Ulva sp. per
litre for24 h at 15 °C at 120 pE m~2 s~!. The seawa-
ter was filtered (Whatman GF/C) and enriched with f/2
concentrations of nitrogen, trace metals and vitamins
(Guillard & Ryther, 1962). Temperature was kept at
15 °C and continuous photon flux density (2 « collec-
tor LiCor LI 193 SA) of 120 uE m~2 s~! (saturating
for photosynthesis of Z. noltii, Jiménez et al., 1987)
was provided by Sylvania® VHO Daylight fluores-
cent tubes. Mixing was provided by aeration.

Experimental design

A series of duplicate 1-litre flasks (containing excised
leaves) and 3-litre PVC cylinders (with sediment-
rooted plants) filled with enriched seawater (see
above), were employed in the incubations. The plant
biomass to water volume ratio was 1.5 to 1.8 g DW



I=1. Curves of phosphate disappearance for a range of
initial substrate additions (2 to 30 M) were performed
in each container, Water samples (1 ml) were collected
at 0, 5, 10, 20, 30, 60, 120 and 180 minutes after phos-
phate addition (perturbation or batch method). Uptake
rates in the first 5 minutes after the actual substrate
addition, were calculated to demonstrate the impor-
tance of the initial 5 minute period.

Experiments were conducted under the same condi-
tions of temperature, photon flux density and mixing as
in the pre-experimental treatment. Since experiments
were short, phosphate determinations were made short-
ly after the samples were taken. Nutrient analyses were

carried out on an Auto-Analyzer Technicon AAII®
according to Ferndndez et al. (1985).

Incubation methods, as well as the kinetic terminol-
ogy, have been employed following the recommenda-
tions of Harrison & Druehl (1982) and Harrison et al.
(1989).

Estimation of uptake kinetic parameters

Phosphate uptake rate versus substrate curves were
obtained from the phosphate-time courses (3 h) per-
formed over a wide range of initial substrate concentra-
tions in the two categories of experiments conducted.
Uptake rates were estimated for each sampling time
periods (V0= =5, y5==10 y10-=20 20-=30 y30-—60,
V80—=—120 and y120——180y and related to the phosphate
concentrations at the beginning of these time intervals
(Co) according to the expression

_Co-C
oW

where V=uptake rate (umol P g=! DW h™"), G, and
Ci =phosphate content at the beginning and end of
time period (junol), t=time of uptake ¢h), W=dry
weight (g) determined by drying the seagrass leaves to
a constant weight on aluminium foil trays in a oven at
60 °C.

In addition, uptake rates calculated from the first
5 minutes after the actual substrate addition (V°—=5),
were plotted versus the range of initial phosphate con-
centrations (multiple flask method). In this case uptake
could be modelled by a Michaelis-Menten type expres-
sion (Edwards & Walker, 1983 equation 13.41):

VO—S — VO—S S —CP

S+ Ks

where VW0~—5, .. and Ks are constants representing
maximum uptake rate and the value of § where

V
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W==5=0.5 V0==3 . respectively; CP is the com-
pensation point for phosphate (i.e. the minimum phos-
phate concentration required for phosphate uptake to
take place). The degree of nutrient affinity at low con-
centrations (i.e. S<Kx) is in direct proportion to the
magnitude of the initial slope (a) of the hyperbolic
function; this is given as a derivative of the equation of
the curve, with respect to S, as S approaches zero (i.e.
a=WV"3 .«/Ks, Parslow et al., 1985). The kinetic
parameters Ks, V~~3_, and CP were obtained by a
direct fit of the data to the Edwards & Walker (1983)
equation using a computerized, iterative, nonlinear,
last-squares regression program (Elsevier-Biosoft Enz-
fitter program).

Saturation point (Sy,) could be defined in the same
way as the saturation onset parameter (£;) for light
(see Kirk, 1983), i.e. the phosphate concentration cor-
responding to the point of intersection between the
extrapolated linear part of the uptake-substrate curve
and the horizontal line at VW==5 ..

Results

Time courses of phosphate disappearance, performed
over a wide range of initial substrate concentrations,
were conducted with detached leaves of Zostera noltii
(Fig. 1, a—f), sediment- rooted plants (Fig, 2, a~f) and
control cylinders containing sediment without shoots.
In excised leaves and sediment-rooted plants, the dis-
appearance of phosphate from the medium was not lin-
ear with time, and, consequently, the uptake rate (i.e.
dS/dt) decreased with increasing incubation time. This
reflects a ‘first order kinetics’ or concentration depen-
dent, rate-unsaturated transport, indicating that hyper-
bolic models (Michaelis-Menten type) do not apply to
these short-term uptake data when they are calculated
as the slopes (dS/dt) from successive intervals of the §
vs ¢ curves (i.e. perturbation or batch mode).

Since control cylinders showed no significant
changes in phosphate concentrations of the overlying’
water during the time course of the short-term incu-
bations (Fig. 3), we assumed the phosphate decrease
in water during the incubations with sediment-rooted
plants, was due to the uptake by shoots.

Uptake by Zostera noltii exhibited a biphasic pat-
tern as a function of phosphate concentration. This
pattern was qualitatively similar in detached leaves
(Fig. I, a'—f") and in sediment-rooted plants (Fig. 2,
a'~"): The first phase was characterized by a rapid
phosphate uptake rate proceeding in the first 5 minutes
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Fig. 1. (u~f, inset graphs). Six phosphate disappearance curves were measured in excised leaves of Zostera noltii (perturbation method). Initial
concentrations of phosphate disappearance curves ranged from 2.5 uM to 24.9 uM. Error bars represent=SD (n=2). (a'~f', main graphs).
Mean phosphate uptake rates, computed from the successive time intervals after phosphate additions (inset graphs), as a function of mean
phosphate concentrations. Curves were fitted visually.
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(a—f, inset graphs). Six phosphate disappearance curves were measured in sediment-rooted plants of Zostera noltii (perturbation

method). Initial concentrations of phosphate disappearance curves ranged from 1.9 uM to 30,0 M. Error bars represent£SD (n=2). (a'—f,
main graphs). Mean phosphate uptake rates, computed from the successive time intervals after phosphate additions (inset graphs), as a function
of mean phosphate concentrations. Curves were fitted visually.
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Table 1. Different kinetic parameters for phosphate uptake by excised leaves and sed-
iment-rooted plants of Zostera noltii. Data calculated from curves in Figures | and
2 respectively (perturbation or batch method). [P]; =initial phosphate concentrations;
([P):): —1 = Percentage of initial phosphate incorporated when the change in the kinet-
ic phases occurs; ([P];)s = 180 = Percentage of the initial phosphate incorporated at the
end of the incubations; T'=time when the change in kinetic phases occurs; V9= =3,
y2~=30 ——18 - Uptake rates calculated for the time intervals denoted by super-
script; CP =compensation point for phosphate.

Pl (Pkl=r (Pldi=i0 T A A A e s
(uM) (%) (%) (min)  (umolP gDW— ! h~1) (uM)

Excised leaves

2.5 - 2.8 20 0.6 - 0.1 22
5.4 5.7 249 20 2.1 0.4 0.5 nr
8.9 6.5 20.7 20 3.9 0.4 0.6 nr
14.2 4.6 200 20 4.4 0.7 0.7 nr
20.1 5.5 154 20 4.5 0.6 0.8 nr
249 3.1 13.1 20 4.0 0.5 0.7 nr

Sediment-rooted plants

1.9 - 53.8 - 35 0.5 0.3 0.9
5.8 36.3 86.6 20 9.5 2.0 0.9 1.0
10.0 44.3 86.1 30 153 25 2.5 1.3
16.4 33.0 89.6 10 287 59 23 1.6
23.0 43.5 91.9 20 32.1 6.2 2.8 1.9
30.0 41.7 92.3 20 320 S8 2.8 2.1

WM P 30.0{ 200 uM
[

OO P- ®
25.0 4000 —0- © o

249 pM
20.0 _L_’::,JB.G M

P -0

®
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o= ~—0
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Fig. 3. Temporal changes in phosphate concentrations in the overlying water of the control enclosures. The six different initial phosphate
concentrations were similar to those used in the incubations with sediment-rooted plants,

(after nutrient addition), dropping quickly to a lower, the differences in relation to the kinetic parameters
nearly constant uptake rate from the first 20 minutes were obvious. The results of kinetic analysis of all
up to the end of the incubations (second phase). phosphate depletion experiments are summarized in

Although excised leaves and sediment-rooted Table 1. Whole plants showed higher uptake rates

plants showed a similar qualitative uptake pattern, (VO3 WO-—1800 y20-=30 (45 representative of the



Table 2, Kinetic parameters for phosphate uptake by excised
leaves and sediment-rooted plants of Zostera noltii, estimated
{rom the fitling of the Edwards & Walker model to the S min
data points of the six initial phosphate additions (multiple flask
method, Fig. 4).

Kinetic parameters Excised leaves  Rooted plants

WS 7.0 430
(umol gDW—'h~1)

Ks(uM) 10.0 12.1
CP(uM) 25 2.6
Ssat (M) 11.1 15.2
o (= V5 1 Ks) 07 1.1

second phase of the uptake curves)) accumulating
higher amounts of phosphate over the range of initial
substrate additions. Thus, an average of 39.8% of the
available phosphate was taken up by leaves of rooted-
sediment plants during the first 20 min. (first phase,
denoted as ([P];): = 7, while detached leaves accumu-
lated only an average of 5.1%. Independently of the
size of the initial phosphate addition, rooted-sediment
plants achieved the compensation point (CP) for this
nutrient within 3 h of incubation, ranging from 0.9 uM
to 2.1 uM. The higher the initial phosphate concen-
trations were, the higher the CP achieved. (Table 1).
Excised leaves only reached the CP (2.2 uM) at the
lowest phosphate addition. At the end of the incu-
bations, sediment-rooted plants incorporated 83.4%,
on average, of the available phosphate (denoted as
([P]:)¢ = 180), while excised leaves only 17.8%.

Figure 4 (a, b) shows the uptake vs substrate curves
calculated from the 5 min time (V°~=%) of the six
phosphate addition (multiple flask method) in incuba-
tion with detached leaves and sediment-rooted plants.
Uptake curves, calculated in this way, followed satu-
ration kinetics, with saturation occurring at 11.1 and
15.2 puM, respectively. Edwards & Walker’s (1983)
model showed a good fit to the experimental data (x?,
p<0.1). CP and Ks were similar in excised leaves
(2.5 pM and 10.0 uM) and in sediment-rooted plants
(2.6 uM and 12.1 uM), however, the sediment-rooted
plants reached higher values of V0~ 75 ,x (43 pmol P
gDW™!' h™!anda(1.11 g DW~! h~') than excised
leaves (7 and 0.7, respectively). Results of kinetic anal-
ysis are summarized in Table 2.
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Discussion
Patterns of phosphate uptake

According to Harrison et al, (1989), a time course
of the disappearance of the nutrient must be run to
observe how the pattern of uptake rate changes with
time. It will provide valuable information about what
method (perturbation or multiple flask) should be used
in determining the uptake rates. Moreover, the use of a
series of perturbations at different phosphate concen-
trations, as was done in this study, with short sampling
intervals, provides accurate estimations of different
kinetic parameters.

Detached leaves and sediment-rooted plants
showed qualitatively similar relationships between
phosphate uptake and phosphate concentration,
although the kinetic patterns were highly dependent on
the method used in these estimations. Thus, the rela-
tionships were hyperbolic (Michaelis-Menten type)
when the multiple flask method was used, while bipha-
sic (non-saturable) kinetics were obtained from the per-
turbation or batch method. The main reason why the
typical hyperbolic V vs § curves are not obtained from
the latter approximation is the non-linear disappear-
ance of the phosphate from the medium (see Harrison
et al., 1989). It implies that initial phosphate uptake
is high, but short-lived (10 to 20 min) and decreased
with increasing time. This transient enhanced uptake
rate following a pulse of the nutrient is greatly atfected
by the prehistory or preconditioning of plant materi-
al (D’Elia & DeBoer, 1978; Lefebvre & Glass, 1982;
Harrison & Druehl, 1982; Thomas & Harrison, 1985),
and it could be expected, since seagrass leaves were
phosphate-starved before starting the experiments. In
addition, uptake rates determined with the perturba-
tion method are affected by the nutrient past history of
the plants. It results in reduced uptake rate later in the
experiment due to the accumulation of nutrient by the
plants during exposure to the initial high concentration
(D’Elia & DeBoer, 1978; Topinka, 1978; Harrison &
Druehl, 1982; Fujita, 1985).

Non-linear nutrient disappearance, or biphasic V vs
S curves, have been reported in phytoplankton (Con-
way et al., 1976; McCarthy & Goldman, 1979; Gold-
man et al., 1981; Goldman & Gilbert, 1982, Parslow
et al., 1984b, ¢; Harrison ¢t al., 1989; Cochlan & Har-
rison, 1991), procaryotic nannoplankton (Lehman &
Sandgren, 1982) and seaweeds (Harrison & Druehl,
1982; Fujita, 1985; Thomas & Harrison, 1985, 1987).
However, little work has been devoted to seagrasses.
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Fig. 4. Uptake versus substrate curve calculated for the 5 min (solid line) or the 180 min (dotted line) data points of the six phosphate
disappearance curves measured with: a) excised leaves of Zostera noltii presented in Fig. 2 (a—I). b) sediment-rooted plants presented in Fig, 3
(a~D). Points are the mean uptake rates plotted against average phosphate concentrations. Error bars represent:SE (n=2). Lines represent the

(it of the Edwards & Walker expression.

Only Short & McRoy (1984) reported a biphasic accu-
mulation of NH:;L by leaves of Zostera rmarina (L.).
They found that leaves rapidly accumulated ammo-
nium by adsorption in the first 15 min followed by
accumulation at a slower constant rate by absorption
for the next 2 h.

Our study was not directed at elucidating the spe-
cific biochemical mechanisms whereby phosphate is
incorporated by the leaves of Zostera noltii, but some
interesting ideas could emerge from the kinetic pat-
terns observed (Figs 1 and 2). In phytoplankton stud-
ies (Conway et al, 1976; Harrison et al.,, 1989), the
initial rapid uptake of nutrients has been termed Vs
(surge uptake), representing a maximal uptake rate that

declines as an internal pool is filled due to feedback
inhibition, Although it could be expected that ‘sim-
ple’ algae exhibit different physiological mechanisms
to cope their nutrient demands than complex rooted
phanerogams, the kinetic patterns observed are simi-
lar. According to Short & McRoy (1984), the enhanced
uptake rates in Z. marina, accounting for the first mie-
utes, could be explained by two coupled processes in
nutrient uptake: adsorption and absorption. Adsorption
refers to the movement of nutrients into the apoplasl
(Epstein, 1972; Clarkson, 1974). The leaf anatomy in
seagrasses (Tomlinson, 1980} appears to be adapted for
rapid uptake of nutrients into water-filled spaces on the
cell wall and eventually into the plant tissue. Further,



the adsorbed nutrients could move (absorbed) into an
internal cell pool rather than remaining at the cell sur-
face. This absorption or uptake of phosphate through
the plasmalema is active, against electrochemical gra-
dient (Raven, 1974b; Ulrich-Eberius et al., 1981), and
coupled to the plant metabolism. The suggestion that
seagrass leaves act as a sponge or sink for nutrient
uptake (Short & McRoy, 1984; Granéli & Solander,
1988; Hemminga et al, 1991) is really true for the
phosphate uptake by the leaves of Zostera noltii.

The second phase of the biphasic V vs S curve, at
lower phosphate concentrations, is characterized by a
slight slope. Short & McRoy (1984) pointed out that
this phase represented the actual absorption process
during nitrogen uptake by leaves of Zostera marina.
The change from the first phase, with an initial rapid
or surge uptake, to the second phase, with a decreased
uptake, could be explained on the basis of a feedback
inhibition and/or a regulation of the phosphate efflux.
Lefebvre & Glass (1982), working on barley roots,
pointed out that internal concentration of phosphorus
may serve as the feedback signal modulating its own
uptake. In the same way, hyperbolic models could
describe in accurate way the second phase in nitro-
gen uptake kinetics by phytoplankton (Conway et al.,
1976; Harrison et al., 1989). This phase was termed
Vi, representing the uptake rate when the internal pool
is full and the cell quota is increasing slowly towards
a maximal value,

A second mechanism to reduce the net uptake of
phosphate is regulating the P-efflux. Previous studies
(Bieleski, 1973; Bieleski & Ferguson, 1983; Elliot
et al., 1984; Cogliatti & Santa Maria, 1990) have
shown phosphate uptake is not a one-way movement
into plant cells (influx) but is accompanied by an efflux
such that net phosphate uptake can be very low at times.
This studies pointed out that the balance between phos-
phate influx and effiux is critical to plant growth. Con-
sidering the important role of phosphorus in the pri-
mary production and, thus, in the nutrient dynamics
in the seagrass ecosystems, further studies are need-
ed to determine the influx/efflux kinetics of phosphate
as well as biochemical mechanisms for storage and
utilization of this nutrient.

Effects of cutting on foliar phosphate uptake

Harrison & Druehl (1982) investigated different meth-
ods to determine nutrient uptake by seaweeds, suggest-
ed that measurements on whole thalli are preferable for
ecological measurements. It becomes really important
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in studies involving seagrasses, since structural and
functional leat-root interactions exist (Thursby & Har-
lin, 1982, 1984; Brix & Lyngby, 1985, Pérez-Lloréns,
et al. 1993). Our results indicate that cutting the leaves
resulted in a reduction of the phosphate net uptake
rates, as well as in the amount of the nutrient accumu-
lated after 3 h incubations (Table 2). This response
could be expected, since higher phosphate release
from interrupted vascular system, would be higher in
detached leaves. This findings have also been reported
in leaves of the seagrass Zostera marina (McRoy &
Barsdate, 1970).

The results indicate the presumed dominance of
basipetal translocation of phosphorus in Zostera noltii
during the incubations. Predominance of shoot-to-root
translocation has been shown in Z. marina for nitro-
gen and heavy metals (Faraday & Churchil, 1979;
Brinkhuis ez al., 1980; lizumi & Hattori, 1982; Thurs-
by & Harlin, 1982; Brix & Lyngby, 1985), although
the magnitude of this transport will be dependent on
the relative phosphate concentrations in the interstitial
and in the overlaying water (McRoy & Barsdate, 1970;
Carignan, 1982).

Ecological implications

Several studies (Penhale & Thayer, 1980; lizumi &
Hattori, 1982; Short & Short, 1983; Short & McRoy,
1984; Brix & Lyngby, 1985; Zimmerman et al., 1987,
Hemminga et al., 1991) have emphazised the impor-
tance of dissolved nutrients (phosphorus and nitrogen)
in the water column on uptake and growth of Zostera
maring. Short & McRoy (1984) pointed out that the
large surface area and concentration-dependent uptake
mechanism enable eelgrass to take full advantage of
transient water masses containing high water concen-
trations, proposing that eelgrass leaves function as a
sponge or sink for ammonium.

Long-term studies with the sediment as the only
source of phosphate pointed out that submerged macro-
phytes with root: shoot biomass ratios (RSR) of 0.015
to 0.24 were able to derive enough phosphate from sed-
iment to cope normal growth requirements (Granéli &
Solander, 1988). Moreover, McRoy & Barsdate (1970)
and Carignan (1982) stated that the relative importance
of the roots and shoots to the nutrition of an aquatic
plantdepends on the ion concentrations in the sediment
and surrounding water. In this way, the root (including
rhizome): shoot ratio (RSR) of Zostera noltii popula-
tions growing in Palmones river estuary varies season-
ally, being always <1 (Pérez-Lloréns, & Nicll, 1993).
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This estuary is eutrophic, with phosphate concentra-
tions in water ranging from 0.5 to 25 M, depend-
ing on tide and wastewater discharge (Clavero et al.,
1991). Pérez-Lloréns & Niell (1989) in a preliminary
study, concluded that in such conditions, these plants
would probably be able to cover their shoot phosphorus
requirements largely from the surrounding water dur-
ing the major part of the growing season, making it ‘not
necessary’ to develop large belowground biomass. Fut-
ther, Pérez-Lloréns (1991), using the Carignan (1982)
model, estimated in 55% (average yearly basis) the
relative importance of underground parts in phosphate
uptake by Zostera noltii. However, the Carignan model
is simple and nonspecific, and a much better estimation
of phosphorus requirements, in relation to phosphorus
water supply, could be made from the specific uptake
kinetics obtained. Thus, using (1) the relationship for
»hosphate uptake by sediment-rooted plants calculated
‘or a 180 min incubation period (V?~—!89) (Fig. 4b);
2) an average water column phosphate concentration
of 3.5 uM (Clavero et al., 1991) (inaintained by a water
flow through the secagrass bed); (3) a foliar production
rate of 3.6 10™% g g=! h™! for this especies (Vermaat
et al., 1987); and (4) a foliar phosphorus requirement
of 0.09 umo! P g=! h™' (for a mean shoot phosphorus
content of 0.75% (Pérez-Lloréns & Niell, 1993)), the
water column would supply 2.8 times the phosphorus
requirement of leaves. In addition, assuming a produc-
tion rate of belowground parts similar to that reported
forZ. marina (1.3 1076 g g~' h~!, Jacobs, 1979)and a
requirement of 0.04 gmol P g—! h~! (for a mean under-
ground phosphorus content of 0.65% (Pérez-Lloréns
& Niell, 1993)), the whole plant could obtain 1.9
times the phosphorus requirement from the water col-
umn. Increased accumulation could take place at high-
er phosphate concentrations or at shorter incubation
times (Fig. 4b), suggesting that Zostera noltii leaves
function as a phosphorus sink in the water column.
Further detailed studies on phosphate uptake by under-
ground parts should be also undertaken, because the
relative importance in supplying phosphorus increas-
es when the plants occur exposed to the air at low
tide or when the phosphate concentration in the water
column is low, as was pointed out by Pérez-Lloréns
etal. (1993)in Z. noltii. These authors found that 70%
of the phosphate taken up by roots and rhizomes of
this plant was translocated to shoots when phosphate
concentration in water surrounding the leaves was low
0.7 uM).
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