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ABSTRACT: The kinetics of ammonium and phosphate uptake by leaves and roots of the tropical sea- 
grass Thalassia h e m p n c h ~ ~  were investigated in laboratory experiments. Uptake in leaves of plants 
from 3 different locations, covering the range from coastal to oceanlc conditions In the region of inves- 
tigation (Spermonde Archipelago, South Sulawesi. Indonesia), was compared. The leaves from all plant 
samples showed a clear capacity for both ammonlum and phosphate uptake. This uptake could be 
described by Michaelis-Menten kinetics. v,,,,, ranged between 32 and 37 pm01 g-' leaf dry weight h-' 
for ammonium and between 2.2 and 3.2 pm01 g-' leaf dry weight h-' for phosphate. K,,, ranged between 
21 and 60 PM for ammonium and between 7.7 and 15 plvl for phosphate. There was no significant site 
difference in uptake characteristics (v,,,,,, and K,) of ammonium and phosphate. Uptake of ammonium 
and phosphate by roots was investigated with plants from the intermediate location. Barang Lompo, 
using an approach which allowed only calculation of uptake rates at natural pore water concentrations. 
Uptake rates were 22 and 1.0 pm01 g-' root dry w e ~ g h t  h-' for ammonium and phosphate, respectively 
Calculations suggest that at  all 3 locations uptake of ammonium and phosphate by roots was probably 
limited by the diffusion of nutrients in the sediment rather than by their uptake capacity. Evidence was 
found that the availability of nutrients in the root zone relative to the leaf zone affects the uptake affin- 
ity of the leaves. The role of roots versus leaves in supplying plant nutrients is discussed. We concluded 
that even in the tropics, where water column nutrient concentrations are often very low, leaves clearly 
have a significant ability for ammonium or phosphate uptake and that in some situations nutrient 
uptake by the leaves may even be  essential in meeting plant nutrient demands. 
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INTRODUCTION 

Seagrass beds are widespread in shallow coastal 
waters around the world, except for the polar regions 
(Den Hartog 1970). They rank among the most produc- 
tive submerged aquatic ecosystems (Zieman & Wetzel 
1980, Larkum & West 1983, Hillman et al. 1989). To 
maintain this production, an adequate nutrient avail- 
ability is essential. However, seagrass beds are open 
systems and various processes common to the dynamic 

conditions of their habitat may lead to nutrient loss. 
The persistence of seagrass meadows depends on 
mechanisms that replenish these lost nutrients. Among 
others, nutrient uptake by leaves is considered as a 
process which contributes to compensation of nutrient 
losses (see review by Hemminga et al. 1991). 

Seagrasses are able to take up nutrients from both 
the interstitial water of the sediment and the ambient 
water column. Leaves have a much higher turnover 
than roots and rhizomes, and contain more nitrogen 
and phosphorus relative to carbon (Erftemeijer et al. 
1993). Hence, it can be assumed that most of the 
nutrients derived from mineralized biomass originate 
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from the leaves. Consequently, the major portion of 
the nutrients resulting from decomposition of dead 
seagrass tissue may be released in the water column, 
although burlal of deposited seagrass leaves and leaf 
fragments in the sediment (by bioturbation) could to 
some extent restrict this amount. Traditionally, it is 
assumed that nutrient uptake by roots of aquatic 
weeds dominates over uptake by leaves (i.e. Carignan 
& Kalff 1980). Several studies, however, indicate that 
nitrogen uptake by leaves can contribute considerably 
to the total nitrogen uptake of seagrasses (30 to 90%; 
Iizumi & Hattori 1982, Short & McRoy 1984, Hem- 
minga et al. 1991, 1994, Pedersen & Borum 1992, 
1993). Tropical seagrass beds are characterized by 
high productivity at low ambient nutrient concentra- 
tions in the water column and relatively high nutrient 
concentrations in the pore water (Brouns & Heijs 
1986, Lindeboom & Sandee 1989, Nienhuis et al. 
1989, Erfterneijer et al. 1993). We are not aware of any 
published data concerning the uptake capabilities of 
leaves and roots of tropical seagrasses. One would 
expect that these seagrasses rely main1.y on the root 
system for nutrient uptake considering the very low 
nutrient concentrations in the water column compared 

, Spermonde.. 

Fig. 1. Study area, showing islands and submerged reefs of 
the Spermonde Archpelago along the west coast of South 
Sulawesi. Dashed line: shelf edge (200 m). Inset: Indonesian 

Archipelago 

to those in the pore water. Viewed from this perspec- 
tive, uptake capabilities of leaves of tropical sea- 
grasses may not be strongly developed. On the other 
hand, such a capability could be important for the 
reduction of system nutrient losses: nutrients diffusing 
from the sediment or released from leaves decompos- 
ing in the water column could be recaptured (Hem- 
minga et al. 1991, Pedersen & Borum 1993). 

In this study, the kinetics of ammonium and phos- 
phate uptake by leaves and roots of the tropical sea- 
grass Thalassia hemprichii (Ehrenb.) Aschers. were 
investigated. Plants from 3 locations, which are repre- 
sentative of coastal to oceanic field conditions in the 
research area, were compared. Uptake of ammonium 
was studied as a preference of ammonium over nitrate 
uptake in seagrasses, as indicated by data of Doddema 
& Howari (1983), Short & McRoy (1984) and Hemmin- 
ga et al. (1994), even at a relatively high nitrate:ammo- 
nium concentration ratio. Data of Erftemeijer (1994) 
indicate that at the 3 sites relevant to this study, amrno- 
nium is the dominant form of inorganic nitrogen in 
both pore water (ca 20 X higher ammonium concentra- 
tion) and the water column (2 to 4 X higher ammonium 
concentration). 

MATERIALS AND METHODS 

Study area. Thalassia hemprichii (Ehrenb.) Aschers. 
was collected from 3 locations in the Sperrnonde Arch- 
ipelago along the west coast of South Sulawesi, 
Indonesia (Fig. 1). This archipelago consists of a large 
group of coral islands and submerged reefs distributed 
on the Spermonde continental shelf (De Klerk 1982). 
The reef flats of most of the islands and the shallow 
areas along the coast are covered with seagrass beds 
(Erftemeijer et al. 1993). The 3 selected locations rep- 
resent contrasting field sites. The intertidal mudflat of 
Gusung Tallang is located approximately 5 km north of 
Ujung Pandang. It is characterized by riverine inputs 
from the nearby mouth of the Telo creek. The sediment 
consists of sandy terrigenous mud and contains about 
11 % CaC03. It is protected from waves and currents 
by long, narrow sandbars perpendicular to the coast. 
Well developed, mixed (7 species) seagrass beds occur 
between these sandbars. The other field sites, Barang 
Lompo and Langkai, are both coral islands surrounded 
by large intertidal reef flats with extensive multi- 
species (6 to ?) seagrass vegetations. The reef flats 
consist of relatively coarse carbonate sand and coral 
rubble (93 to 100% CaCO,; Erftemeijer 1993). Barang 
Lompo is located approximately 14 km off the coast, 
whereas Langkai is situated at the shelf edge, 40 km 
off the coast. The latter site is characterized by clear 
ocean water, relatively strong unidirectional currents 
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and a relatively strong wash of the waves. The reef flat 
of Barang Lompo lacks conspicuous river or oceanic 
influences. Only during the peak of the wet season 
(January-February) may terrestrial inputs reach this 
island. The water above the seagrass beds of Gusung 
Tallang is relatively turbid compared to that of Barang 
Lompo and Langkai, as is demonstrated by a much 
lower Secchi depth at Gusung Tallang (1.2 m) than at 
the other sites (18 to 20 m). There is also a difference in 
epiphyton loads on the seagrasses. At Gusung Tallang, 
other species were found on the leaves, with a higher 
total biomass (Erftemeijer 1994, Sterrenburg e t  al. 
1995). However, seagrasses occur in approximately the 
same densities at  all 3 locations (ca 1000 shoots m ') 
and are  of comparable size. 

Nutrient parameters. Surface water was sampled in 
opaque bottles and transported on ice (4 replicate sam- 
ples at each sampling date).  After filtration (Whatman 
GF/C), the dissolved inorganic ammonium and phos- 
phate contents of the samples were determined colori- 
metrically according to Strickland & Parsons (1972) 
using a Nanocolor 100 D-MN filter photometer. 

Sediment samples were taken with small hand 
corers (diameter 6 cm) to a depth of 10 to 14 cm. This 
depth covers the total root zone of Thalassia hem- 
prichii: the roots of this species normally do not extend 
deeper than 8 to 10 cm. Each core was separated into 
2 cm sections. The corresponding sections of 6 succes- 
sive cores were combined and treated as 1 sample. 
Two series of 6 cores were collected at each sampling 
occasion, representing 2 replicates. These samples 
were transported on ice in sealed plastic bags for fur- 
ther treatment in the laboratory. Within 6 h after sam- 
pling, plant parts, shells and large stones were re- 
moved and pore water was subsequently extracted by 
filtration over membrane filters (Schleicher & Schiill; 
0.45 pm) under maximum 1 atm effective pressure us- 
ing nitrogen gas (Kelderman 1985). Subsequently, dis- 
solved inorganic ammonium and phosphate in the 
pore water were analyzed. 

Experimental methods. General: Clumps of Thalas- 
sia hernprichii were dug out at Gusung Tallang, Barang 
Lompo and Langkai. These clumps were separated into 
units (hereafter referred to as plants) composed of a 
shoot, a piece of rhizome (approximately 2 to 3 cm) and 
intact roots. After transport to the laboratory, epibiota 
were gently wiped from the leaves and dead and senes- 
cent tissue was removed. In the case of experiments on 
root uptake, the roots were carefully rinsed with seawa- 
ter to remove as much adherent sediment as possible. 
Plants of approximately the same size (comparable leaf 
and root dimensions) were selected and kept in natural 
seawater at ambient temperatures until incubation the 
next day. At the start of an  experiment, plants were 
placed in cylindrical plexiglass 2-compartment incuba- 

tion vessels (3 plants per vessel). In these incubation 
vessels the leaves were separated from the roots/ 
rhizome by a perforated synthetic disk. Leakage be- 
tween the 2 compartments was prevented by applica- 
tion of silicone and a low-melting-point wax. The upper 
(leaf) and the lower (root/rhizome) compartments had 
volumes of 400 and 200 ml, respectively (diameter of 
the incubation cylinder: 6 cm; length of the compart- 
ments: 20 and 7 cm, respectively). The compartments 
were filled wlth filtered seawater (Whatman glassfiber 
GF/C) enriched with various levels of ammonium 
(NH,Cl) and phosphate (KH2P0,). Initial concentra- 
tions were calculated. Caffeic acid (1 mg 1 ' )  was added 
to prevent bacterial growth (Hemminga et  al. 1994). 
Prior to incubation, the medium in the root compart- 
ment was flushed with nitrogen gas to create a low oxy- 
gen environment. During the experiment, the root com- 
partment was screened from light and its medium was 
mixed by magnetic stirring, whereas the medium in the 
leaf compartment was flushed gently with air bubbles. 
The incubation vessels were kept at  a constant temper- 
ature (28°C) in a thermostated waterbath. Six strip 
Lights (Philips TLD 18W/33) provided approximately 
200 pE m-' S-' (PAR) a t  plant level. The leaf compart- 
ments were open at  the top; but, in order to allow ma- 
nipulation of the root compartments, the root compart- 
ments were provided with 2 injection ports through 
which exchange was possible. Medium for the root 
compartment was sampled by slow injection of seawa- 
ter medium into the lower injection port, which pushed 
medium out through the upper injection port. The out- 
flowing medium was collected in a test tube after the 
first m1 was discarded. During sampling the medium 
was not stirred. 

At the end of a n  incubation, 10 m1 phenol red dye 
(0.1 mg  ml-l) was added to the leaf compartment to 
check for leakage. If, after at  least 1 h ,  the dye could be  
shown colorimetrically (540 nm) in the root compart- 
ment, the results from the incubation vessel in question 
were omitted. After the incubations, leaves, roots and 
rhizomes were dried at 80°C for 24 h and weighed. 
Nutrient concentrations in the incubation mediums 
and in the collected samples were measured colorimet- 
rically as described above. 

Uptake kinetics of leaves: According to Short & 
McRoy (1984), the first 10 to 20 min of nutrlent uptake 
experiments are characterized by a n  apparent high. 
initial uptake. This is ascribed to the combined effects 
of the adsorption of ions onto the plant surface and the 
absorption of ions into the plant tissue. After this first 
phase, nutrients disappear from the medium by ab- 
sorption only. In the present study, the nutrient uptake 
kinetics of leaves were examined in plants for which 
the adsorption complex was assumed to be saturated. 
To achieve saturation, plants and incubation vessels 



Mar Ecol Prog Ser 134: 195-206. 1996 

used in the uptake experiments were pre-incubated at 
30 pM ammonium and 5 pM phosphate for 1 h. 

Am.monium uptake experiments with leaves were 
carried out from April to June 1993. The experiments 
started with ammonium concentrations in the leaf 
compartment of 4 ,  30, 100 or 150 pM (experiments 
with plants from Barang Lompo), 75 or 150 pM (plants 
from Gusung Tallang) and 30, 100 or 150 pM (plants 
from Langkai). The initial ammonium concentration in 
the root compartment was always 30 pM. Phosphate 
uptake experiments with leaves were carried out from 
January to March 1994. The experiments started with 
initial phosphate concentrations of 5, 10, 20, 50 or 
70 pM (experiments with plants from Barang Lompo), 
5, 10, 20 or 50 pM (plants from Gusung Tallang) and 
5, 10, 20 or 50 pM (plants from Langkai). The initial 
root compartment phosphate concentration in these 
experiments was 10 pM. Blank chambers without 
plants but containing the initial media were incubated 
simultaneously. The media of the leaf compartments 
were sampled every hour (ammonium) or every 2 h 
(phosphate) until the nutrients were exhausted, wlth a 
maximal incubation time of approximately 10 h. The 
change in concentration (dS) during a time interval 
(dt), corrected for the changed volume after each 
sampling occasion, was used to calculate the uptake 
rate (V) at the average concentration over the dt  in 
question. The effect of nutrient concentration (S) on 
nutrient uptake rate was modelled by the Michaelis- 
Menten equation (V = v,,,, X S X (S + K,)-'), where 
v,,, represents the maximum uptake rate and K, the 
concentration where V = 0.5 v,,,. This model is com- 
monly used to describe nutrient uptake kinetics of 
higher (aquatic) plants (Iizumi & Hattori 1982, 
Thursby & Harlin 1982, 1984, Jungk 1991, Nissen 
1991, Berges et al. 1994). The model, as it is presented 
here, does not take into account poss~ble limitation 
caused by diffusion of nutrients through the unstirred 
layer (the boundary layer) around the leaves (Smith & 

Walker 1980). In this investigation, we studied uptake 
in well-mixed conditions. We therefore assumed that 
the importance of unstirred layers for nutrient uptake 
in our experiments was limited. The curves describing 
the relation between phosphate concentration and 
uptake rate had a positive intercept on the x-axis. 
Therefore a term representing the phosphate concen- 
tration at  which net uptake is zero (Smi,) was added 
to the Michaelis-Menten equation: V = v,,, X (S - S,,) 
X (S - S,,,, + K,)-' (Jungk 1991), giving the model 
a much better fit (R2). SYSTAT non-linear least square 
regression was used to fit the data to the uptake 
models and to calculate kinetic and statistical para- 
meters. 

Uptake kinetics of roots: We did not succeed in 
obtaining data on root uptake dynamics with the 

approach described for leaf uptake, as leakage 
between the 2 compartments after successive sam- 
pling of the root compartment could not be adequately 
avoided. Therefore a different experimental approach 
was followed, using incubation vessels of which the 
root compartment was sampled only once. These root 
uptake studies were executed in the period August to 
November 1992, with plants collected at Barang 
Lompo only. In each experiment, incubations were car- 
ried out in 9 vessels simultaneously. The plants used in 
this experiment were not pre-incubated. For the study 
of ammonium uptake, an initial ammonium concentra- 
tion of 54 pM was used in the root compartment. This 
level is a good representation of the inorganic ammo- 
nium concentration found in the pore water surround- 
ing the roots in our study area (Erftemeijer & Middel- 
burg 1993, Erftemeijer 1994, this study). The initial 
ammonium concentration of the medium in the leaf 
compartment was 18 pM. For the study of phosphate 
uptake, the initial phosphate concentration in the root 
compartment was 6.5 pM (similar to the natural pore 
water phosphate concentration). The initial phosphate 
concentration in the leaf compartment was 6.5 pM as 
well. After t = 10, 15, 20, 30, 45, 75, 120, 210 and 
300 min, respectively, the medium of the root compart- 
ment of one of the incubation vessels was sampled in 
order to determine the remaining ammonium or phos- 
phate concentrations. The incubations were repeated 
in 3 separate experiments; similar time samples were 
treated as replicates. The time series approach for root 
uptake (accumulation vs time) does not allow model- 
ling of the data to the Michaelis-Menten equation (i.e. 
uptake rate vs substrate concentration). The uptake 
rates (pm01 N or P g-' root dry weight h-') were calcu- 
lated by differentiation of the mathematical relation- 
ship of accumulation versus time. 

RESULTS 

Nutrient parameters 

The water column concentrations at Barang Lompo 
and Gusung Tallang shown in Table 1A are based on 
frequent sampling of these locations during the period 
August 1990 until August 1993 (Erftemeijer 1994, Erfte- 
meijer & Herman 1994, this study). Only figures from 
the same months as the ones during which the uptake 
experiments were carried out were used. The concen- 
trations reported for Langkai are based on a limited set 
of samples obtained on 2 (ammonium) and 3 (phos- 
phate) occasions. At all locations, the inorganic water 
column concentrations of ammonium and phosphate 
were low (NH.4+: 0.2 to 5.4 PM and 11.2 pM; 
Table 1A). The range of ammonium and phosphate 
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Table 1. Nutrients in the water column and pore water at  Gusung Tallang, Barang Lompo and Langkai. (A) Concentration ranges 
and averages of inorganic ammonium and phosphate (PM) in the water column. (B) Average concentrations of inorganic ammo- 
nium and phosphate (PM) over the total presented depth range (Fig. 2). (C) Concelltration ratios (average water co1umn:average 

pore water). bdl: below detection limits. Averages k SD; n: number of observations 

Gusung Tallang 
(coast) 

A. Water column 
Ammonium average 2.6 % 1.9 (n = 16) 

range 0.6-5.4 
Phosphate average 0.6 r 0.30 (n = 16) 

I-ange 0 3-1.1 

B. Pore water 
Ammonium 
Phosphate 

C. Average water co1umn:average pore water ratio 
Ammonium 0.019 
Phosphate 0.64 

Barang Lompo 
(intermediate) 

- - -  

Langkai 
(shelf edge) 

I 'Data given by Erftemeijer (1994) I 

concentrations in the water column at Barang Lompo 
and Gusung Tallang were similar However, the aver- 
age phosphate concentration was 2 times higher at 
Gusung Tallang than a t  Barang Lompo (0.6 and 0.3 pM, 
respectively), indicating that the phosphate concen- 
tration is usually higher at Gusung Tallang. The aver- 
age values of the water column ammonium concen- 
trations at Gusung Tallang and Barang Lompo were 
quite similar (2.6 and 2.2 PM, respectively). At Langkai, 
the average water column ammonium and phosphate 
concentrations were much lower (1.0 and 0.1 PM, 
respectively) than at the other 2 locations. 

Ammonium and phosphate concentrations in the 
pore water were much higher than in the water col- 
umn. Pore water ammonium concentrations increased 
gradually with increasing depth at all locations (Fig. 2). 
This increase was most pronounced at Gusung Tal- 
lang. The average ammonium concentration in the 
pore water (to a depth of 12 cm) was highest at Gusung 
Tallang (136 pM; Table 1B). At Barang Lompo and 
Langkai the concentrations were 60 and 106 pM, 
respectively. The pore water phosphate concentrations 
showed a decrease in concentration with increasing 
sediment depth at Barang Lompo. At Gusung Tallang 
and Langkai, no gradients were observed. The aver- 
age phosphate concentration in the pore water was 
lowest at Gusung Tallang (0.92 PM, to a depth of 
14 cm). Barang Lompo and Langkai had approximately 
the same average concentration (5.5 and 5.4 pM, to a 
depth of 12 and 10 cm, respectively). 

Water co1umn:pore water ratios were obtained by 
dividing the average water column concentrations by 
pore water concentrations averaged over the total core 
depth (Table 1C). With respect to ammonium, the ratio 

Ammonium (W 
A 0 :o 100 l ? O  200 250 

Phosphate (W 
B O  > l0 l >  20 25 

Fig. 2. Concentration (PM) of inorganic (A) ammonium and (B) 
phosphate in the pore water at  Gusung Tallang (m), Barang 
Lompo ( A )  and Langkai (0 )  at different depth sections in the 
sediment Bars represent 1 SD. For ammonium at all sites n = 2. 
For phosphate at Gusung Tallang n = 16; at Barang Lompo n = 

31; at Langkaid n = 2. "ata supplied by Erftemeijer (1994) 
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ments executed on different dates (different curves 
not shown), indicating that uptake was not influenced 
by feedback inhibition and that variation between 
experiments carried out at different dates was 
insignificant. Therefore, all data were combined for 
curve fitting according to the Michaelis-Menten equa- 
tion. The resulting kinetic and statistical parameters 
are presented in Table 2. The estimates of the model 
parameters (v,,, and K,,,) show no significant differ- 
ence between the 3 locations. The lack of significance 
is mainly due to the larger error distribution at higher 
concentrations. At a low (<K,,,) concentration range, 
the errors are much smaller. In this range, the 3 loca- 
tions do not show a similar relationship between sub- 
strate and uptake rate. A good indication of the effi- 
ciency of nutrient uptake at low concentrations (the 
normal field situation) is the uptake affinity. Theoreti- 
cally, the uptake affinity is given by v,,,,,/K,. Here, we 
approximated affinity by the initial slope of the V 
versus S curve (Button 1978, Riegman & Mur 1984, 
Short & McRoy 1984). This initial slope was deter- 
mined by linear regression of the uptake rates at low 
nutrient concentrations. The regression analysis was 
carried out for the ammonium uptake data in the 
range of 0 to 20 PM and for phosphate data in the 
range of 0 to 10 pM. Covariance analysis revealed 
that leaves from Langkai have a significantly (p c 
0.05) lower affinity for ammonium than leaves from 
Barang Lompo and Gusung Tallang. Leaves from 

was highest (0.039) at Barang Lompo, indicating the Gusung Tallang 
relative importance of ammonium in the water column 

50 

Anin~onium concentration (pMI 

Langkai 

at this site, and lowest (0.0094) at Langkai. With c, 

regards to phosphate, the ratio was an order of magni- P 40 - 

tude higher at Gusung Tallang (0.64) than at Barang g 

Arnmonic~m concenrrnrion (pM1 

. .. 

Fig. 3. Thalassia hemprichii. Ammonium uptake rate (pm01 
g-l dry weight h-') by leaves of plants from Gusung Tallang, 
Barang Lompo and Langkai as a function of the ammonium 
concentration (pM) in the leaf compartment. The curves rep- 
resent the best fits according to the Michaelis-Menten model 
(see Table 2 and Material and methods: Uptake kinetics of 

leaves for explanation) 

Lompo (0.051) and Langkai (0.022). - 30 
E 
0 
Y g 20 
a 

Uptake kinetics of leaves 
.; l0 

Experiments with incubation vessels without plants 
(blanks) showed minimal fluctuations in medium O 

ammonium and phosphate concentrations during in- 
Animonitlm colicentra~ion (PM) 

cubations (the coefficient of variation of the various 
sets of values was around 5%).  Furthermore, there Barang Lornpo 
was no statistical evidence for a decrease or increase E 50 

of the ammonium or phosphate concentration with 1 
n 
5 0  40 - time. Therefore, blank measurements were not ta- - 

ken into account in the calculations of kinetic para- 5 
meters. 3 0 .  

Ammonium and phosphate uptake kinetics of 
leaves of Thalassia hemprichii from 3 different loca- m 20 . . 
tions are presented in Figs. 3 & 4 .  No difference was 
observed between curve profiles of uptake experi- 
ments from the same location but initiated at different 
concentrations or between curve profiles of experi- 0 I &  I ~ O  '40 

Gusung Tallang have a significantly (p i 0.05) higher 
affinity for phosphate than leaves from the other 2 
locations. Linear regression to other data ranges 
revealed comparable results, if the upper concentra- 
tion limit was not too high (a maximum of ca K,) and 
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the data set included a substantial number of observa- In the case of phosphate uptake kinetics, the para- 
tions. The reported ranges revealed an acceptable R2 meter representing the intercept on the x-axis (Smi,) 
and a significant regression coefficient (p < 0.01; was around 1 pM phosphate at each location (Table 2). 
Table 2) for all 3 sites. This is the ambient phosphate concentration above 

which net phosphate uptake by leaves occurs. 

Gusung Tallang Uptake kinetics of roots 

Ammonium and phosphate taken up by the roots 
(expressed per gram dry weight) increased linearly 
with incubation time (Figs. 5 & 6). During the course of 
the incubation, no indication of substrate limitation 
could be detected. The ammonium concentration 
declined by 34 %, the phosphate concentration de- 
clined by 30%. In the case of phosphate, the decrease 
of concentration in the medium during the first 10 to 

Phosphate concentration (pm) 

E 
E 

Barang Lompo 

15 min was probably influenced to an important de- 

2 4 . 5  l I 
0 l0 20 30 40 SO 60 

Phosphate coricentration (pni) 

< -0.5 
o 10  20 30 40 50 60 gree by adsorption. 

- Langkai 

Phosphate concentration (pm) 

Fig. 4 .  Thalassia hempn'chij. The phosphate uptake rate (pm01 
g" dry weight h-') by leaves of plants from Gusung Tallang, 
Barang Lompo and Langkai as a function of the phosphate 
concentration [PM) in the leaf compartment. The curves rep- 
resent the best fits according to the Michaehs-Menten model 

(see Table 2 and text for explanation) 

Table 2. Thalassia hernprichii. Uptake of ammonium and 
phosphate by leaves of plants from 3 different locations. v:.:,,, 
(pm01 g . '  dry weight h- ')  and K,, (PM) for the uptake of 
ammonium and phosphate and S,,, (~ntercept  on x-axis; in 
1.1h.I) for the uptake of phosphate, w ~ t h  95'i:) confidence limits 
(CL. asymptotic SE) and R' (Michaelis-Menten model). The 
afflnlty 1s given by the slope of the linear regression lines 
(affinity model) calculated for uptake at  low nutrient concen- 
trations (0-20 pM for ammonium and 0-10 ~.IM for phos- 
phate). The p-level of the regression coefficient and R2 of the 

affinity model are  included 

I Gusung Tallang Barang Lompo Langkai 1 
1 Ammonium I 

Michaelis-Menten model 

Vt,l<l,. 3 5 3 2 37 
95 " ; >  CL 30-39 28-35 25-48 
KII 28 21 60 
95 "0 CL 19-38 15-27 14-97 

l R2 
0.888 0 829 0 866 

Affinity model 
affinity 0.797 0.857 0.525 
p-level <0.01 <0.01 <0.01 
R? 0.935 0 866 0.796 

I Phosphate I 
Mlchaelis-Menten model 

V,',, 2.2 
95 9:) CL 2.0-2.7 
K,&+ 7.7 
95% CL 5.2-10 
S,,, 0.91 
95 0:) CL 0.60-1.2 
R-' 0.781 

Affinity model 
affinity 0.190 
p-level <0.01 
R2 0.869 
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Fig. 5. Thalassia hemprichjl. Ammonium uptake (pmol g.' dry  
weight) by roots of plants from Barang Lompo as a function of 
time. The initial ammonium concentrations were 18 and 
54 pM in the leaf and root compartments, respectively. The 
regression line shown is described by the formula y = 0 . 3 7 ~  + 

b (p c 0.01; R2 = 0.650; see text for explanation) 

The data were fitted by linear regression. From the re- 
gression lines, uptake rates of 22 pm01 g-' dry weight h-' 
and 1.0 pm01 g-' dry weight h-' can be derived for 
ammonium and phosphate, respectively. As the incu- 
bations were carried out at approximately natural 
nutrient concentration levels, these figures can be 
taken as an indication of uptake rates under natural 
conditions. The approach used did not allow determi- 
nation of V ,,,, K,,, or affinity. 

DISCUSSION 

The results of this study show that leaves of the trop- 
ical seagrass Thalassia hemprichii have the ability to 
absorb ammonium and phosphate. This uptake capac- 
ity is remarkable in view of the low nutrient resources 
in the water column compared to the much higher re- 
sources in the pore water. Why does T. hemprichii pos- 
sess this capacity? It suggests that roots lack the capac- 
ity to supply the total nutrient requirement. Maximum 
rates of nutrient uptake by roots are determined by the 
uptake capacity of the roots or by the rates of nutrient 
diffusion from pore water to the root surface. Which of 
these 2 processes is limiting can be determined by 
comparing the nutrient uptake of roots established in 
this study a t  in situ concentrations in stirred systems 
(Figs. 5 & 6) with the estimated diffusion supply of nu- 
trients in the natural sediment conditions. Diffusion 
from the pore water to the root surface can be calcu- 
lated wlth Fick's first law of diffusion J, = - $  X D, X 

(dSldx), where Js is the nutrient flux in pm01 cm-' yr-l, 
@ the porosity of the sediment, D, the molecular diffu- 

Fig. 6. Thalassia hernprichi~. Phosphate uptake (pmol g-l d ry  
weight) by roots of plants from Barang Lompo as a function of 
time. The initial phosphate concentration was 6.5 pM in both 
the leaf and root compartments. The regression line shown is 
described by the formula y = 0 . 0 1 7 ~  + b (p < 0.01; R2 = 0.484; 

see text for explanation) 

sion coefficient in the sediment for the diffusing sub- 
stance in cm2 yr-', and dS/dx the concentration gradi- 
ent over the diffusion layer X in pm01 cm-%m-'. D, and 
$ for Gusung Tallang and Barang Lompo are given by 
Erftemeljer & Middelburg (1993). D, and (I for Langkai 
are derived from data given by Erftemeijer (1994) and 
Erftemeijer & Middelburg (1993). d S  is the mean pore 
water concentration of ammonium and phosphate 
('bulk concentration') given in Table 1B. The boundary 
(diffusion) layer thickness around roots (dx) is assumed 
to be approximately 1 mm, a commonly accepted value 
for oxygen, phosphate and ammonium distribution 
around roots of various plants, including seagrasses 
(Andersen & Kristensen 1988, Moriarty & Boon 1989, 
Caffrey & Kemp 1991, Jungk 1991, K .  Buis, 0.  Van 
Tongeren & T. Cappenberg unpubl.). The surface area 
of roots of 7. hemprichii was established by measuring 
the diameter, length and biomass (g dry weight) of 
some individual roots. The diameter of the roots was 
approximately 0.5 mm. This does not include the dense 
layer of root hairs covering the roots of T. hemprichii. 
Normally, root hairs are active in nutrient uptake for 
only a limited period. This means that active root hairs 
are in particular found close to the root tips, where re- 
cently formed root hairs are present. After deteriora- 
tion, resistant cell wall structures, whose function is 
merely anchorage, remain (see reviews by Clarkson 
1991 and Hofer 1991). We estimate that 1 g dry roots 
of T hemprichii has a surface area of approximately 
83 cm2. Using the various figures, diffusion of am- 
monium to the root surface at Barang Lompo for exam- 
ple equals, according to Flck's law, 0.53 X 376.2 X (60 X 

10-"0.1) = 120 pm01 cm-' yr l ,  which allows a maximal 
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possible uptake of 120 pm01 cm-2 yr-' X 83 cm2 g-' root 
dry weight. This is equivalent to an uptake of 1.1 1.lmol 
N g-l root dry weight h-'. The maximum (diffusion) 
supply of nutrients to T, hemprichli roots at Barang 
Lompo can be compared with the uptake capacity of 
these roots as determined in the present incubation ex- 
periments. Diffusion may supply 1.1 pm01 N g-' root 
dry weight h-' and 0.041 pm01 P g-' root dry weight 
h-'. This is 20 and 24 times less than the uptake capac- 
ity of the roots at  natural pore water nutrient levels (22 
and 1.0 pm01 g-' root dry weight h-', for N and P, re- 
spectively). The ammonium and phosphate uptake by 
roots therefore seems primarily dependent on diffusion 
limitations in the sediment and not on the uptake ca- 
pacity of the roots. It is not impossible that the uptake 
capacity of roots as found in the experiments may have 
been below the normal in situ uptake capacity. Re- 
moval of sediment from the fragile roots, although exe- 
cuted with great care, undoubtedly caused damage to 
the roots and root hairs, resulting in a lower uptake ca- 
pacity. Furthermore, during transport and incubation, 
the roots were exposed to environments with different 
oxygen levels, which may have disturbed their func- 
tioning. 

If root uptake characteristics a t  Gusung Tallang 
and Langkai a re  approximately similar to those at  
Barang Lompo, it can be  assumed that the diffusion 
supplies at  Gusung Tallang and Langkai are  probably 
less than the uptake capacity of roots. Nitrogen and 
phosphorus demand for leaf growth (which represent 
95 O/o of the plant nutrient demand; derived from Erfte- 
meijer et  al. 1993) can be estimated from leaf growth 
rates and leaf N and P contents. These figures are given 
for Thalassia hernprjchii at  Barang Lompo by Erftemei- 
jer & Herman (1994) (measurements of March, April, 

May, June and July 1991, i.e. the months in which the 
uptake experiments were executed) and at  Langkai by 
Stapel et al. (1996) (measured once in Jan.uary 1994). 
For Gusung Tallang, no figures are  available. Root 
uptake, as enabled by diffusion supply, is calculated 
with Fick's law using the average pore water nutrient 
concentrations from Ta'ble 1 In order to compare root 
uptake (which is calculated a s  nutrient diffusion to a n  
equivalent of root biomass) with the plant's nutrient 
demand and uptake by leaves (which are  expressed 
per gram of leaf biomass), the figures on diffusion sup- 
ply to roots are divided by the ratio of leafhoot biomass 
(0.40 at  Gusung Tallang and Barang Lompo and 0.36 at  
Langkai; Table 3). Except for the case of phosphate at  
Gusung Tallang (assuming that the phosphorus de- 
mand at  this site is approximately similar to the demand 
at  Barang Lompo and  Langkai), roots alone seem to be  
able to meet total nitrogen and phosphorus demand, 
although the supply to these plant parts is limited by 
diffusion. It should be  noted that the diffusion of nutri- 
ents to the surface area of rhizomes has been ignored in 
our calculations. It is known that rhizomes may absorb 
nutrients (Clarkson 199 1). Barnabas (1991, 1994), how- 
ever, showed that for 2 other tropical seagrass species, 
also occurring in the vicinity of our research area 
(Thalassodendron ciliaturn and Halodule uninervis), 
the main function of the below ground plant parts is 
probably anchorage and uptake is limited to young, 
growing roots near the rhizome tip. If this is true for T. 
hemprichii as well, rhizome uptake may be insignifi- 
cant and the active uptake surface may be even less 
than the root surface figure used for calculation of dif- 
fusion supply. Nutrient uptake by below ground plant 
parts may then be insufficient to meet total plant 
demand. 

Table 3. Sediment parameters and Thalassia hempnchiiroot and leaf uptake and demand for nitrogen and phosphorus at Gusung 
Tallang (GT), Barang Lompo (BL] and Langkai (LK) Sediment parameters Q and D, (cm2 yr.') derived from Erftemeijer (1994) and 
Erftemeijer & Mlddelburg (1993). Root uptake (pm01 N or P g.' leaf dry weight h") as determined by the maximum diffusion sup- 
ply of nutrients to roots, calculated using Fick's first law of diffusion, dlvided by the leafhoot biomass ratio (0.4 at GT and BL; 0.36 
at LK; see 'Discussion' for explanation). Leaf uptake (pm01 N or P g-l leaf dry weight h- ')  was calculated using the Michaells- 
Menten (M-M) model (Figs. 3 & 4 ,  Table 2) for the lowest (low), average (avg) and highest (high) natural water column concen- 
trations (Table 1A). Demand (pm01 N or P g-' leaf dry weight h-') derived from data given by Erftemeijer & Herman (1994) (BL) 

and Stapel et  al. (unpubl.) (LK). Values + SD; nd: value not determined; n: number of observations; df: degrees of freedom 

Site Sediment parameters 
6 (n = 4) D, 

Ammonium 
GT 0.72 + 0.02 397.6 
BL 0.53 + 0.04 376.2 
LK 0.54 376.2 

Phosphate 
GT 0.72 ? 0.02 160.6 
BL 0.53 * 0 04 152.0 
LK 0 54 152.0 

Root uptake Leaf uptake (M-M) 
(diffusion) Low Avg High 

Demand 

9.2 * 0.54 (df = 1) 0.70 2.9 5.6 
2.8 ? 0.52 (df = 1) 1.2 3.0 6.4 

5.7 0.12 0.61 0.98 

0.03 + 0.01 (df = 15) -0.20 -0.10 +0.052 
0 10 + 0.05 (df : 30) -0.28 -0.20 +0.022 

0.12 -0.16 -0.14 -0.11 

nd 
2.3 * 0.8 (df = 35) 
1.6 * 0.3 (df = 2) 

nd  
0.075 i 0.019 (df = 44) 
0.047 + 0.010 (df = 5) 



204 Mar Ecol Prog Ser 134: 195-206, 1996 

Leaf uptake is dependent on the concentration in 
the water layer and diffusion across the boundary 
layer around the leaves. Assuming that diffusion lim- 
itation is negligible due to continuous turbulent 
water movement, leaves can absorb nutrients from 
the ambient water at a rate (V) given by the uptake 
curves presented in Figs. 3 & 4.  During the periods 
in which the leaf uptake experiments were executed, 
the water column nutrient concentrations showed 
considerable fluctuations. There are no indications 
that the uptake kinetics fluctuate accordingly. Using 
the data on the range and average ammonium and 
phosphate concentrations found in the field (Table IA),  
the range of leaf uptake rates under natural condi- 
tions can be calculated for the 3 locations (Table 3). 
At the low end of the concentration range at Barang 
Lompo, leaf uptake of ammonium is insufficient to 
meet total demand (Table 3) .  At average concentra- 
tions, however, the uptake of leaves is sufficient. This 
is probably also true for plants at Gusung Tallang, 
assuming that the nitrogen demand at this site is 
approximately similar to the demand at Barang Lom- 
po and Langkai. At Langkai, leaves do not seem to 
be able to meet the total nitrogen demand. Calcula- 
ted phosphate uptake by leaves at natural water col- 
umn concentrations was always negative at Langkai 
and ranged from negative to positive values at Gu- 
sung Tallang and Barang Lompo. The negative val- 
ues reflect the fact that the curves describing the 
relation between phosphate concentration and up- 
take rate have a positive intercept on the X-ax~s. Re- 
lease of phosphate by leaves of seagrasses has been 
reported in earlier studies; it has been suggested that 
seagrasses may function as phosphorus pumps, relo- 
cating phosphorus from the sediment to the water 
column (~VcRoy & Rarsdate 1970, McRoy et al. 1972, 
McRoy & Goering 1974, Carignan & Kalff 1982). 
Studies of Penhale & Thayer (1980) and Perez- 
Llorens et al. (1993), however, indicate that this pro- 
cess is quantitatively insignificant. It should be real- 
ized that the negative uptake (release) of phosphate 
in our data result from a mathematical adaptation of 
the Michaelis-Menten curve. It may well be that 
physiological mechanisms in the plant prevent re- 
lease at very low concentrations. However, our re- 
sults indicate that net phosphate uptake only occurs 
in situations when the phosphate concentration in 
the water column is above a certain level, i.e. at a 
concentration higher than S,, (Table 2). This situa- 
tion frequently occurs in the period between June 
and December at Gusung Tallang and Barang Lom- 
po (Erftemeijer & Herman 1994). During this period, 
Thalassia hemprichii might take advantage of the 
capability of the leaves to take up phosphate. This 
could be especially important at Gusung Tallang, as 

the calculated diffusion supply of phosphate to the 
roots at this site is much lower than at Barang Lompo 
or Langkai. Data on seasonal variation of inorganic 
phosphate are not available for Langkai. Available 
data from 3 sampling dates (once in September 1990 
and twice in January 1994) show phosphate levels 
below S,,,. It is indeed possible that at this oceanic 
site, the phosphate concentration never or only seldom 
reaches levels high enough for net phosphate uptake 
by leaves. Nonetheless, uptake experiments demon- 
strate that T. hempnchii leaves do possess a clear 
potential for phosphate uptake at Langkai. The rele- 
vance of this property at Langkai is not clear. 

The uptake affinities of leaves (Table 2) showed 
some differences between the 3 locations. The uptake 
affinity for phosphate was significantly higher at Gu- 
sung Tallang compared to the other locations. At 
Langkai, the affinity for ammonium was significantly 
lower than at Gusung Tallang and Barang Lompo. 
Erftemeijer et al. (1994), using in situ addition of both 
nitrogen and phosphorus fertilizers to the root zone of 
carbonate and terrigenous type seagrass beds in the 
same research area (Barang Lompo, another coral 
island and a terrigenous site comparable to Gusung 
Tallang), could not demonstrate growth limitation by 
either of the 2 nutrients. Comparison of leaf nitrogen 
and phosphorus content revealed no significant differ- 
ences between the locations (Erftemeijer 1993, Erfte- 
meijer & Herman 1994, Erftemeijer et al. 1994, Stapel 
et al. 1996). The differences in uptake affinities of the 
leaves may be related to the leaf zone:root zone nutri- 
ent concentration ratios (Table lC) ,  which showed 
some differences among the 3 locations. The ammo- 
nium concentration ratio was lowest at Langkai and 
highest at Barang Lompo (Table 1C). At Gusung 
Tallang, the phosphate ratio was an order of magni- 
tude higher than at Barang Lompo and Langkai. 
Comparison with the uptake affinities of leaves show 
that a higher concentration ratio corresponds with a 
higher leaf uptake affinity. The data thus suggest that 
there is some form of physiological integration be- 
tween leaves and roots with respect to nutrient up- 
take, leading to the adaptation of uptake properties 
depending on available resources. The plants may 
optimize their leaf uptake capacity according to the 
relative nutrient availability in the water column and 
the pore water. Interaction between leaf and root 
uptake in relation to different concentration ratios 
was previously reported by Thursby & Harlin (1982, 
1984) for Zostera marina and Ruppia maritima. In 
short-term experiments (5 h) with Thalassia hempn- 
chii, such interactions could not be demonstrated 
(Stapel et al. unpubl.). Physiological interaction of leaf 
and root uptake characteristics in T. hempnchii may 
occur on more extended time scales. 
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