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ABSTRACT: The macroalga Dictyosphaeria cavernosa grows profusely on the reef slopes of Kane'ohe
Bay, Hawai'i (USA), despite low inorganic nutrient concentrations in the water column. When cultured
outdoors in laboratory containers supplied with flowing seawater from the Kane'ohe Bay water column,
the growth of thalli was limited by inorganic nitrogen availability, even though water motion in the con-
tainers was greater than in the field. Approximately 1 uM DIN (dissolved inorganic nitrogen) was
required to sustain growth during 10 to 12 d experimental runs, but Kane'ohe Bay water column DIN
concentrations are usually less than 0.5 pM, too low to sustain growth in the laboratory. The unusual
morphology of D. cavernosa thalli suggested a possible mechanism for the acquisition of sufficient DIN
for sustained growth in the field. Thalli are anchored to living or dead coral colonies, and form thick
canopies spanning the substratum. The enclosed spaces or chambers beneath thalli isolate volumes of
water over sediment patches, and prevent sediment-derived nutrients from mixing into the overlying
water column. Ammonium concentrations are nearly twice as high, and nitrate+nitrite concentrations
are 10 times higher within D. cavernosa chambers than in the adjacent water column. The DIN-
enriched water within chambers exceeds the minimum DIN requirement of the alga for sustained
growth. Results from a field experiment indicated that growth rates of D. cavernosa thalli exposed to
both DIN released from sediments and DIN from the water column were significantly higher than
growth rates of thalli exposed only to DIN from the water column. Experimental D. cavernosa thalli uti-
lized ammonium and, to a lesser degree, nitrate for growth, but organic nitrogen (urea) enrichment had
no effect on growth. Results from tissue nutrient analyses suggested that the nitrogen storage capacity
of D. cavernosa is very low; the alga appears to require a continual supply of DIN, at a concentration
greater than that of the water column, to sustain growth.
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INTRODUCTION

Recent studies of coral reef communities subject to
anthropogenic nutrient enrichment have documented
shifts from coral to macroalgal domination of produc-
tivity and cover (Littler et al. 1993, Naim 1993). On
some reef slopes, however, high macroalgal produc-
tivity and cover is sustained despite low inorganic

*E-mail: slarned@zoogate.zoo . hawaii.edu

© Inter-Research 1996
Resale of full article not permitted

nutrient concentrations in the water column (Coles
1988, Lapointe et al. 1993, Stimson et al. 1996). In these
cases, localized sources of nutrient input may provide a
substantial fraction of the nutrient requirements of
macroalgae. Potential sources of localized enrichment
include excretion by macrofauna (Meyer & Schultz
1985, Williams & Carpenter 1988), stream runoff
(Marsh 1977), ground water discharge (D'Elia et al.
1981, Lewis 1987), nitrogen fixing bacteria (Capone et
al. 1992) and remineralization of organic matter in cav-
ities and sediment patches (Andrews & Miller 1983,
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Williams et al. 1985, Hansen et al. 1987, Johnstone et
al. 1989, Capone et al. 1992, Boucher et al. 1994). If
rates of nutrient release from these sources are high
relative to rates of dilution into the water column, pri-
mary producers near the sources may be exposed to
higher nutrient concentrations than ambient, and pro-
ductivity may be enhanced. Tropical turf algae and
seagrasses have been shown to benefit from localized
enrichment due to macrofaunal excretion (Williams &
Carpenter 1988, Powell et al. 1989). Some rhizophytic
macroalgae may acquire nutrients directly from
nutrient-rich sediment porewater via rhizoid holdfasts
(Williams 1984, Littler et al. 1988, McGlathery et al.
1992) Most coral reef macroalgae do not possess rhi-
zoids, however, and do not have direct access to sedi-
ment porewater. Acquisition of sediment-derived
nutrients from the poorly-mixed water near sediment
surfaces by macroalgae has been suggested (Entsch et
al. 1983, Stimson et al. 1996), but has not been demon-
strated.

Stimson et al. (1996) showed that growth (increase in
wet weight per day) of the coral reef macroalga Dic-
tyosphaeria cavernosa (Forskdl) Bergesen is nitrogen-
limited in Kane'ohe Bay, O’ahu, Hawai'l (USA). Al-
though D. cavernosa is both abundant (up to 30%
cover on shallow patch and fringing reef slopes) and
persistent (for at least 3 decades) in Kane'oche Bay,
water column dissolved inorganic nitrogen (DIN)
levels appear to be too low to support sustained thallus
growth. Experimental D. cavernosa thalli cultured in
flowing, unenriched or phosphate-enriched seawater
from the Kane'ohe Bay water column did not sustain
net growth, while thalli cultured in ammonium-
enriched seawater sustained growth throughout ex-
perimental runs. Stimson et al. (1996} suggested that
D. cavernosa can grow and persist in Kane'ohe Bay by
utilizing DIN that is released from sediments and ben-
thic organisms, and trapped beneath D. cavernosa
thalli. Thalli growing on reef slopes are anchored to
live corals and limestone rubble, forming canopies up
to 1 m across with enclosed volumes of water beneath
them. These chambers contain the skeletal remains of
overgrown corals, accumulations of fine sediment, and
invertebrates which inhabit the thallus, sediment and
coral skeletons. Ammonium and nitrate concentrations
within these chambers are significantly higher than in
the water column adjacent to thalli (Stimson et al.
1996, present study).

In the present study, Dictyosphaeria cavernosa was
grown in culture at a range of DIN concentrations to
test the hypothesis that DIN concentrations within
chambers are sufficient to sustain growth. Because
both nitrate and ammonium concentrations are higher
within chambers than in the adjacent water column, a
factorial culture experiment was carried out using

these nitrogen sources separately and in combination.
Dissolved organic nitrogen (DONj} concentrations are
higher than DIN concentrations both in the Kane'ohe
Bay water column and within D. cavernosa chambers
(Smith et al. 1981, present study), therefore, an addi-
tional factorial experiment was carried out to deter-
mine whether DON (as urea) enrichment enhances
growth in D. cavernosa. To compare in situ growth
rates of D. cavernosa thalli exposed to and isolated
from sediments, a field experiment was carried out on
a patch reef in southern Kane'ohe Bay.

MATERIALS AND METHODS

Measurements of dissolved nutrient concentrations.
Water samples were collected for nutrient analysis
from within Dictyosphaeria cavernosa chambers on the
slopes of patch reefs in southern Kane'ohe Bay, and
from the water column about 1 m from the chambers.
Water samples from D. cavernosa chambers were col-
lected with acid-washed (10% HCI) 150 ml syringes
with 15 cm Pasteur pipettes attached to the tips. The
pipettes were pushed through a thallus into the under-
lying chamber, and a small volume of water was dis-
charged from the syringe to clear the pipette before
the chamber sample was withdrawn. Samples from the
adjacent water column were collected with identical
syringes and pipettes. Paired D. cavernosa chamber
and water column samples were collected at irregular
intervals from July 1993 to July 1995. Additional water
samples were collected 2 to 4 times a month for 23 mo
at a fixed site at 2 m depth on the windward reef slope
of Moku o Lo'e {Coconut Island), the site of the Hawai'i
Institute of Marine Biology in southern Kane'ohe Bay.
All water samples were discharged through glass fiber
filters (Whatman GF/F) into acid-washed Nalgene bot-
tles and frozen until analysis. Measurements of ammo-
nium, nitrate+nitrite, phosphate, total dissolved nitro-
gen and total dissolved phosphorus concentrations
were made at Analytical Services, University of Hawaii,
using @ Technicon Autoanalyzer II. Organic nitrogen
and organic phosphorus concentrations were calcu-
lated by subtracting ammonium and nitrate+nitrite
from total dissolved nitrogen concentrations, and phos-
phate from total dissolved phosphorus concentrations.

Dictyosphaeria cavernosa preparation and culture.
Laboratory experiments were carried out at the
Hawai'i Institute of Marine Biology. Small (1 to 3 g wet
wt) D. cavernosa thalll were collected for laboratory
experiments on the reef slopes (2 to 3 m depth) of 2
patch reefs near Moku o Lo’e. New collections of thalli
were made for each experimental run. Within 1 h of
collection, thalli were placed in a flat (3 cm high) vinyl-
coated metal cage to exclude grazers and prevent self-
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shading, and were then preconditioned for 3 to 4 d on
the Moku o Lo'e reef slope at 2 m depth. Results from a
preliminary study indicated that the variance of thallus
growth rates decreased significantly after 3 d of pre-
conditioning. Following preconditioning, thalli were
cleaned, blotted dry and weighed, then assigned at
random to experimental treatments. To determine
whether a non-linear relationship exists between thal-
lus weight and growth, the growth (Ag d7') of 32 thalli
was calculated after preconditioning and before nutri-
ent treatments began, and the growth rates were re-
gressed on wet weight. Growth of these thalli showed
a positive linear relationship to wet weight and a Y-in-
tercept which was not significantly different from zero.
Thereafter, growth rates of experimental thalli were
calculated as specific growth in wet weight (g g™' d™%).
A wet weight-dry weight regression was also cal-
culated for 55 D. cavernosa thalli collected in July
1994, These thalli were preconditioned as described
above, blotted dry and weighed, then dried to constant
weight at 65°C. The relationship between wet and dry
weights was: dry wt = 0.069(wet wt) — 0.003, R? = 0.92,
p < 0.001

Experimental thalll were grown in an outdoor cul-
ture system in opaque white 3 1 containers, each hous-
ing 3 thalli. Containers were supplied with flowing
seawater and aeration. Seawater pumped from the
Kane'ohe Bay water column (approximately 2 m
depth) was coarsely filtered (100 nm) to reduce sedi-
ment accumulation in water lines and containers. Fil-
tered seawater was then pumped to a headbox to
maintain constant flow rates of 350 ml min™' con-
tainer~'. Containers were shaded to 25-40 % of full sun
with neutral density shade cloth to compensate for the
shallowness of the containers. Resulting irradiance lev-
els corresponded to reef slope depths of approximately
2 to 4 m, based on irradiance profiles made between
May and December 1994 All irradiance (PAR: photo-
synthetically active radiation) measurements were
made with a submersible Biospherical QSI-140 meter
and a 4m sensor. Experimental runs lasted 10 to 12 d
and thalli were cleaned and weighed at 1 to 2 d inter-
vals. The durations of runs were determined a prior],
based on results from pilot studies.

Nutrient solutions were continuously supplied to
thalli assigned to enrichment treatments. A peristaltic
pump was used to pump nutrient concentrates from
carboys to 4 1 nuirient-seawater mixing chambers
located downstream from the headbox and upstream
from the culture containers. Water flowing from the
mixing chambers entered PVC manifolds which in turn
supplied the culture containers through Tygon water
lines. Four water lines carrying either nutrient-
enriched or ambient (unenriched) seawater entered
each culture container Different nutrient levels were

supplied to the culture containers assigned them by
varying the ratio of nutrient-enriched to ambient water
lines. Fluorescein dye was used to confirm that com-
plete mixing had taken place before enriched seawater
reached the containers. Aeration was used to mix the
ambient and nutrient-enriched seawater within con-
tainers. Ammonium, nitrate, and urea solutions were
prepared with 100 pm-filtered Kane'ohe Bay seawater
and reagent grade NH,Cl, NaNO; and urea, res-
pectively. Containers and waterlines were cleaned
with bleach every 3 or 4 d. Filters were cleaned every
1or2d.

Flow rates at field sites and in laboratory containers
were measured by the dissolution of plaster cubes or
‘clod cards' (see Jokiel & Morrissey 1993 and Thomp-
son & Glenn 1994 for evaluations of clod cards for flow
characterization). Clod cards were made from Grade 1
pottery plaster (CaSO, hemihydrate) and tap water
(6 parts dry plaster to 5 parts water), using ice cube
trays for molds. After drying to constant weight in a
dehumidified laboratory, the plaster cubes were
welghed, the bottoms sanded to adjust the starting
weights to 24-27 g, and the clods glued with contact
cement to vinyl 50 cm? cards.

In the field, flow rates were measured at the the sur-
face of large Dictyosphaeria cavernosa thalli at sites on
the windward and leeward sides of Moku o Lo’e, and
beneath the same thalli in naturally occurring cham-
bers. Flow rates were also measured at a field experi-
ment site; in this case, clod cards were attached to
bricks which were then placed on sediment patches
used for the experiment. In the laboratory, clod cards
were placed in the 3 | culture containers, and exposed
to the same seawater flow rate (350 ml min™') and aer-
ation used during culture experiments.

After exposure in the field (16 to 25 h) and the labo-
ratory (10 to 11 h), the clod cards were returned to the
lab, rinsed in freshwater to remove salt, dried for con-
stant welght and reweighed. To calibrate the clod
cards, the dissolution rates of additional clod cards
from the same batch were measured at fixed flow rates
in a 24 m long by 0.4 m wide by 20 cm deep oval flume
(Atkinson & Bilger 1992). Plaster dissolution rates were
measured at 5 velocities from 0 to 20 cm s7!, using 6
clod cards per velocity. Regressions of dissolution rates
on flow rate in the flume, and inverse predictions from
those regressions (Sokal & Rohlf 1981), were used to
predict relative flow rates in the field and in laboratory
containers. Estimated field and laboratory flow rates
are ‘relative’ because the clod cards relate multidirec-
tional flow in the field to unidirectional flow in the
flume. Estimated field and laboratory flow rates always
fell within the range used for calibration. The esti-
mated flow rate in the laboratory containers was 9.51 +
3.00 cm s7! (mean = 1 standard deviation, n = 24).
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Lab Expt 1: Subsistence DIN level. To determine the
subsistence DIN level (the external DIN concentration
required to sustain positive growth) for Dictyosphaeria
cavernosa at the estimated laboratory flow rate of
9.5 cm s7', an ammonium enrichment experiment was
carried out. Ammonium concentrations were: ambient
(amb), 0.125 pnM+amb, 0.25 uM+amb, 0.375 uM+amb
and 0.5 pM+amb. Ambient DIN concentrations during
the experiment were 0.38 + 0.13 uM ammonium and
0.41 + 0.17 uM nitrate+nitrite (means + 1 standard de-
viation, n = 6). Treatments were replicated twice per
run, and three 10 d runs were performed from June
1994 to April 1995.

Lab Expt 2: Saturating DIN level. A range of ammo-
nium concentrations were continuously provided to
Dictyosphaeria cavernosa thalli to determine the exter-
nal DIN concentration at which growth is saturated at
the laboratory flow rate of 9.5 cm s '. The methods
used in this experiment were identical to those used in
Expt 1, except that ammonium enrichment levels were
increased. Ammonium concentrations were: ambient,
1.0 uM+amb, 2.5 uM+amb, 3.6 uM+amb, 4.5 uM+amb,
8.0 uM+amb, 16.0 pM+amb, 24.0 pM+amb and
32.0 uyM+amb. Ambient DIN concentrations during the
experiment were 0.54 + 0.18 uM ammonium and 0.54 =
0.37 uM nitrate+nitrite (means + 1 standard deviation,
n = 4). Treatments were replicated twice per run, and
three 12 d runs were performed from August 1994 to
February 1995.

Tissue nitrogen and carbon analysis. Tissue nitro-
gen and carbon levels and N:C atomic ratios in experi-
mental Dictyosphaeria cavernosa thalli from Expts 1
and 2 were measured to assess the effects of nitrogen
enrichment on nitrogen storage, and to determine sub-
sistence and critical tissue nitrogen levels. Subsistence
and critical tissue nutrient levels are defined as the
concentration of limiting nutrient in tissues at which
growth is sustained and maximum growth rates are
achieved, respectively (Raven 1984, Rosenberg et al.
1984). At the end of the first 2 runs of Expts 1 and 2, the
thalli were washed twice with deionized water and
dried to constant weight at 60 to 65°C. Dried thalli
were then frozen in ashed vials, lyophilized for 4 h, and

ground in a mortar to yield a fine homogenous powder.
The thalli from each experimental container were
pooled to yield about 100 mg dried tissue. Aliquots of
tissue (16 to 20 mg) were analyzed using a Perkin-
Elmer 2400 CHN Analyzer.

Lab Expt 3: Ammonium- vs nitrate-enhanced growth.
Because both ammonium and nitrate are available at
elevated levels below large Dictyosphaeria cavernosa
thalli in the field, a factorial nutrient experiment was
carried out to determine individual and combined
effects of ammonium and nitrate enrichment on D. cav-
ernosa growth. Thalli were provided with one of 3 lev-
els of ammonium (ambient, 0.5 pM+amb, 2 ptM+amb)
and 1 of 3 levels of nitrate (ambient, 0.5 uM+amb,
2 nM+amb) during 5 replicate 11 d runs from January
1994 to April 1995, Ambient DIN concentrations
during the experimental runs were 0.54 = 0.24 uM
ammonium and 0.47 + 0.28 pM nitrate+nitrite (means +
1 standard deviation, n = 8).

Lab Expt 4: Ammonium- vs urea-enhanced growth.
To determine whether DON enrichment enhances
Dictyosphaeria cavernosa growth, and whether DON
enrichment effects DIN utilization, a factorial en-
richment experiment was carried out using con-
tinuously supplied ammonium and urea. Thalli were
provided with 1 of 3 levels of ammonium (ambient,
1 uM+amb, 2 uM+amb) and one of 3 levels of urea
(ambient, 2 yM+amb, 4 pM+amb) during 5 replicate
10 d runs from May to July 1994. Ambient DIN con-
centrations during the experiment were 0.26 + 0.13 pM
ammonium and 0.30 £ 0.15 pM nitrate+nitrite (means *
1 standard deviation, n = 7).

Although elevated DON levels have been measured
in Kane'ohe Bay (Smith et al. 1981, present study), the
composition of DON has not been determined. Urea
concentrations used in this experiment are within the
range of DON concentrations measured in the water
column near Kane'ohe Bay reef slopes (Table 1). Urea
was used as an organic nitrogen source because the
small, neutral urea molecule is likely to be the DON
source most readily assimilated (Antia et al. 1991), and
because enhanced growth following urea addition has
been reported for some macroalgae (Mohsen et al.

Table 1 Mean nutrient concentrations in naturally occurnng Dictyosphaeria cavernosa chambers and in the adjacent water col-
umn. Water samples were collected from July 1993 to July 1995. Concentrations are in pM, 1 standard deviation in parentheses.
DON: dissolved organic nitrogen; DOP: dissolved organic phosphorus

n 21

NH, NO,+NO, PO, DON DOP

Dictyosphaeria cavernosa chambers 0.47 1.43 0.18 7.41 0.23
(0.24) {0.90) (0.07) (2.40) (0.10)
Water column 0.26 0.14 0.10 6.73 0.19
(0.14) (0.11) {0.05) (1.58) (0.08)

21 21 11 11
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1974, DeBoer et al. 1978, Probyn & Chapman 1982).
Ammonium concentrations 21 uM have been shown to
suppress urea uptake in phytoplankton, and in some
cases ammonium uptake is suppressed by the addition
of urea (Antia et al. 1991). These observations suggest
that individual effects of urea and ammonium enrich-
ment on D. cavernosa growth may be inhibited when
both nutrients are provided. The factorial design of this
experiment tested for such interactions.

Tissue nitrogen concentrations under field condi-
tions. On 2 dates, additional thalli were collected from
the same field sites as the experimental thalli, and
were washed and frozen within 1 h of collection. These
thalli were prepared and analyzed for tissue nitrogen
and carbon following the same procedure used for
experimental thalli.

Field experiment. To compare in situ growth rates
of Dictyosphaeria cavernosa thalli exposed to and iso-
lated from sediment-derived nutrients, a field experi-
ment was conducted on a subtidal patch reef flat
1 km southeast of Moku o Lo'e. D. cavernosa cham-
bers, created when thalli overgrow the reef-building
corals Porites compressa Dana and Montipora verru-
cosa Lamarck, are common on this reef, as are ex-
posed sediment patches. Water depth at the study
site 1s 3.0 to 4.5 m.

Experimental Dictyosphaeria cavernosa thalli were
prepared by coring 10 cm diameter, 4 to 5 ¢cm thick cir-
cular disks out of larger thalli collected at the study
site. Experimental thalli were cleaned of invertebrates,
trimmed to 90 to 130 g fresh weight, and kept in a
shaded tank with flowing 100 pm-filtered seawater
overnight. Thalli were then weighed and inserted into
the tops of 10 cm diameter, 10 cm tall PVC cylinders to
form experimental chambers, with approximately 1 cm
of thallus protruding from the top of each cylinder. Half
of the chambers functioned as controls, and had tight-
fitting plastic bottoms to prevent sediment-derived
nutrients from reaching the undersides of the thalli.
The other chambers had no bottoms and the under-
sides of the thalli were exposed to 78.5 ¢cm? areas of
sediment. Control and treatment chambers were ran-
domly paired and installed about 1 m apart on individ-
ual sediment patches. The chambers were pressed
about 2 cm into sediment and were weighted to keep
them upright. The bottom of each thallus was approxi-
mately 5 cm above the sediment surface. These small
thalli and chambers were meant to simulate the
growth habits of naturally occurring D. cavernosa.
After 12 to 15 d, the chambers were recovered and
the experimental thalli were reweighed and specific
growth rates calculated. A total of 16 pairs of control
and treatment thalli were used during 3 runs of the
experiment, carried out in October and November
1994.

Nutrient availability in treatment and control cham-
bers and in the overlying water column was measured
on 2 dates during the field experiment. Water samples
were collected from within and 1 m adjacent to cham-
bers, at the same depth. Samples from experimental
chambers were collected by inserting a 15 cm Pasteur
pipette attached to a 150 ml syringe through small
holes in the thalli and withdrawing 100 ml of seawater
from each chamber.

Data analyses. For laboratory experiments using
growth rates as dependent variables, the last set of
growth increments calculated for each experimental
treatment were used in analyses to minimize the ef-
fects of acclimation and initial responses to treatments
on later growth rates. Plots of growth rate vs elapsed
time were used to confirm that growth rates were fairly
stable at the conclusion of experimental runs. Growth
rates of the 3 thalliin each culture container were aver-
aged and treated as a single data point.

To examine relationships between external nitrogen
concentration, specific growth rate and tissue nitrogen
level, the data from Expts 1 and 2 were analyzed using
least squares linear regressions. Growth rates and N:C
atomic ratios in Expt 2 increased logarithmically with
nitrogen concentration, and regressions were calcu-
lated using log-transformed nitrogen concentrations.
The inverse prediction procedure (Sokal & Rohlf 1981)
was used with the regression models resulting from
Expts 1 and 2 to estimate the subsistence DIN concen-
tration and the subsistence tissue nitrogen level (the
external DIN and tissue nitrogen concentrations,
respectively, at which growth can just be sustained).
The tissue nitrogen concentrations used in the growth
vs tissue nitrogen regression were random, i.e. not pre-
determined, which violates the assumptions of least
squares regression analysis, so the subsistence tissue
nitrogen level was also predicted using a geometric
mean regression (Sokal & Rohlf 1981) for comparison.
Factorial ANOVAs were used to compare differences
among experimental treatments in Expts 3 and 4. Spe-
cific growth rates of control and treatment thalli from
the field experiment were compared using a 1-way
ANOVA. When replicate experimental runs were car-
ried out, runs were treated as blocks. When water sam-
ples were collected in pairs, e.g. from within and adja-
cent to Dictyosphaeria cavernosa chambers, and from
treatment and control chambers in the field experi-
ment, nutrient concentrations were compared using
pairs as blocks. The nutrient data from water samples
collected near the Moku o Lo'e reef slope were ana-
lyzed with mean square successive difference tests
(Zar 1984). This test was used to determine whether
successive nutrient measurements in the dataset were
correlated, i.e. whether there was a non-random
pattern in the temporal sequence.
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RESULTS
Field nutrient concentrations and flow rates

DIN concentrations in the water column near the
Moku o Lo'e reef slope were generally less then 0.5 nM.
The mean nitrate+nitrite concentration was higher than
the mean ammonium concentration (means + 1 standard
deviation: nitrate+nitrite 0.25 = 0.34 nM, ammonium
0.14 + 0.12 uM) but this was not consistently the case
(Fig. 1). The mean (1 standard deviation) phosphate
concentration was 0.11 + 0.01 uM (Fig. 1}. There was no
seasonal pattern in the water column nutrient data, and
successive measurements were not correlated for
ammonium, nitrate+nitrite or phosphate (mean square
successive difference tests, p > 0.05).

Ammonium concentrations were consistently higher
in the ambient seawater used in laboratory experi-
ments (mean + 1 standard deviation: 0.50 £ 0.31 nM)
than in the Moku o Lo'e water column, even though
the water column samples were collected within 1 m of
the intake pipe for the laboratory seawater system.
This difference (0.36 uM) is significant
(p < 0.001), based on a set of 23 paired
samples collected near the intake pipe
and from the laboratory seawater sys-
tem. Differences between nitrate+nitrite
and phosphate concentrations in sam-
ples from the laboratory seawater sys-
tem and the water column were not
significant (p > 0.05). Ammonium en-
richment in the seawater system is prob-
ably due to the presence of ammo-
niotelic invertebrates in the pipes and
headboxes of the seawater system.

Ammonium concentrations within nat-
urally occurring Dictyosphaeria caver-
nosa chambers were nearly twice as high,
and nitrate+nitrite concentrations 10
times higher, than in the water column
adjacent to the chambers (Table 1). For
both nutrients, the difference between
chamber and water column concentration
was significant (paired sample t-tests, p <
0.001). The difference between phos-
phate concentrations in chamber and
water column samples was not significant
(p > 0.05). A subset of the paired chamber
and water column samples were analyzed
for total dissolved nitrogen and total
dissolved phosphorus, and dissolved
organic nitrogen and phosphorus con-
centrations were calculated from these
measurements (Table 1). Differences be-
tween dissolved organic nitrogen and
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phosphorus concentrations in D. cavernosa chambers
and the adjacent water column were not significant
(paired sample t-tests, p > 0.05).

Relative flow rates were measured at several sites on
the Moku o Lo'e reef slope (2 to 3 m depth) and reef flat
(0.5 to 1 m depth). These sites all had high Dictyo-
sphaeria cavernosa cover. Flow rates at the surface of
D. cavernosa thalli ranged from 0.8 cm s ' on the lee-
ward reef slope to 6.0 cm s™! on the windward reef flat
(Table 2). Flow rates within naturally occuring D. cav-
ernosa chambers on the windward side of Moku o Lo’e
were 60 to 70% of those measured on the outer sur-
faces of the same thalli; on the leeward reef slope, flow
rates within chambers were very similar to those on the
outer surfaces (Table 2).

Expt 1: Subsistence DIN level
Growth rates of Dictyosphaeria cavernosa thalli

increased linearly with ammonium enrichment, con-
firming that D. cavernosa is limited by inorganic nitro-

B Nitrate + nitrite

0 Ammonium

QOct

Jul

1995

Apr Jul Oct Jan Apr

1994

Fig. 1 Inorganic nitrogen and phosphate concentrations in the water column

2 m from the windward Moku o Lo'e reef slope (IHawai'i, USA), at 2to 3 m

depth. Samples were collected 2 to 4 times a month at a point near the Hawai'l
Institute of Marine Biology seawater system intake pipe
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Table 2. Mean relative seawater flow rates across the surfaces of Dictyosphaeria cavernosa thalli and within naturally occurring

D. cavernosa chambers on the windward and leeward sides of Moku o Lo’e. Flow rates areincm s

-1 standard deviation in paren-

theses. NM: no measurement

Date Windward reef flat
Surface Chamber
29 Jul 1995 4.41 2.72
(0.94) (0.85)
n=10 n=10
28 Dec 1995 5.99 3.56
(0.43) (1.02)
n=10 n=10
2 Mar 1996 3.94 NM
(0.30)
n=11
21 Mar 1996 4.07 NM
{0.74)
n=11

Windward reef slope

Surface Chamber Surface Chamber
1.29 0.90 0.85 0.78
(0.29) (0.35) {0.26) (0.10)
n=11 n=11 n=10 n=10
1.44 0.87 0.83 0.92
(0.10) (0.12) (0.31) (0.25)
n=10 n=10 n=10 n=10
0.99 NM NM NM
{0.15)
n=11
3.56 NM NM NM

Leeward reef slope

gen availability at the laboratory flow rate of 9.5 cm 5™

(Fig. 2, Table 3). The regression equation was: specific
growth rate = 0.04(DIN) - 0.03, R®= 0.34, p < 0.005, n =
30. The subsistence DIN concentration (x95% confi-
dence interval) estimated from the regression equation
was 0.73 £ 0.51 uM.

Tissue N:C ratios in Expt 1 appeared to increase
slightly with increasing external nitrogen concentra-
tion, with mean values ranging from 0.039 in thalli
from the ambient treatment to 0.047 in thalli from the
0.5 uM ammonium enrichment treatment. This trend
was not significant; the least squares linear regression
did not explain a significant amount of the variability
in N:C ratios and the slope of the regression line was
not significantly different from zero.

0.04

_ 0.03
k)
™
=
o 0.02 4
=]
P
E
o 0.01 4
1
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Fig. 2. Expt 1. Mean specific growth rates of Dictyosphaeria

cavernosa thalli in the subsistence DIN experiment. Error

bars are 1 standard error, n = 6. Line corresponds to the least
squares linear regression equation

Expt 2: Saturating DIN level

As in Expt 1, ammonium enrichment enhanced the
growth of Dictyosphaeria cavernosa thalli. At the labo-
ratory flow rate of 9.5 ¢cm s7!, growth rates reached a
maximum at a DIN concentration of approximately
17 uM (0.5 nM ambient ammonium + 0.5 uM ambient
nitrate + 16 phM added ammonium), and then declined
{Fig. 3A). The mean growth rate in the 17 pM treat-
ment was 0.04 g g”! d!, which is equivalent to a bio-
mass doubling time of 18 d. Reduced growth rates at
ammonium enrichment levels above 20 pM may have
been due to ammonium toxicity. Growth or photosyn-
thetic rate inhibition due to ammonium toxicity have
been demonstrated in several macroalgal species at
ammonium levels between 25 and 40 nM (Waite &
Mitchell 1972, Haines & Wheeler 1978, Kautsky 1982).
Although mathematical approaches are available for
describing data which show such a hyperbolic curve,
e.g. photosynthesis vs irradiance curves with photo-
inhibition (Platt et al. 1980), there were insufficient

Table 3. Expt 1 (subsistence DIN, dissolved inorganic nitro-

gen}. Specific growth of Dictyosphaeria cavernosa thalli.

Least squares regression table and significance tests for slope
and intercept

Source df MS F p
Regression 1 1.59%x 10" 14.36 <0.005
Error 28 1.11 x 107!

Total 29

Parameter Coefficient SD t p
Intercept -0.030 0.012 -2.55 <0.05
Slope 0.041 0.010 3.79 <0.05
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Fig. 3. Expt 2. (A) Mean specific growth rates of Dic-
tyosphaeria cavernosa thalh in the saturating DIN expen-
ment. Error bars are 1 standard error, n = 6. Line corresponds
to least squares linear regression equation using log-trans-
formed DIN concentrations. (B} Mean tissue N:C atomic ratios
of D. cavernosa thalli in Expt 2. Error bars are 1 standard
error, n = 4. Line corresponds to least squares linear re-
gression equation using log-transformed DIN concentrations

data at high DIN concentrations to fit such a curve.
Other nutnient saturation functions fitted to the entire
range of data in Fig. 3A were strongly influenced by
the 2 right hand points, thus reducing the goodness-of-

Table 4A. Expt 2 (saturating DIN). Specific growth of Dictyo-
sphaeria cavernosa thalli. Least squares regression table and
significance tests for slope and intercept

fit at low DIN concentrations. Since growth inhibition
at high DIN concentrations was not of primary interest,
the 2 right hand points were excluded from the analy-
sis; for the remaining data, thallus growth rates
increased with the log of the DIN concentration.
The regression equation was: specific growth rate =
0.017In(DIN) - 0.018, R? = 0.51, p < 0.001, n = 42
(Table 4A). The subsistence DIN concentration (x 95%
confidence interval) estimated from the regression
equation was 1.11 + 0.34 pM. This confidence interval
overlaps the confidence interval around the subsis-
tence concentration from Expt 1.

Tissue N:C ratios increased with the log of the DIN
concentration (Fig 3B, Table 4B). The regression
equation was: N:C = 0.009In(DIN) + 0.038, R? = 0.81,
p < 0.001, n = 28. Mean tissue N:C ratios ranged from
0.04 in the ambient and 1.2 pM enrichment treatments,
to 0.07 in the 32 pM enrichment treatment.

The subsistence tissue nitrogen level for Dictyo-
sphaeria cavernosa was estimated by regressing
growth rate on tissue nitrogen concentration (Fig. 4),
and using the inverse prediction procedure to predict
the tissue nitrogen concentration at which the growth
rate was zero. As in previous analyses, the 2 points
corresponding to inhibited growth at high ammonium
concentrations were not included in the regression,
although they are shown in Fig. 4. The regression
equation was: specific growth rate = 0.007{tissue
nitrogen) — 0.039, R? = 0.39, p < 0.005, n = 22. The pre-
dicted subsistence tissue nitrogen level (= 95% confi-
dence interval) was 5.57 + 2.58 mg nitrogen (g dry tis-
sue)”!. The geometric mean regression equation for
the same data was: specific growth rate = 0.012(tissue
nitrogen) - 0.0504, and the predicted subsistence
tissue nitrogen level was 4.31, which lies within the
95% confidence interval calculated for the least
squares regression. Because growth rates did not
approach an asymptote with increasing DIN concen-
tration (Fig. 3A), the crtical tissue nitrogen level
could not be estimated reliably.

Table 4B. Expt 2 (saturating DIN). Dictyosphaena cavernosa
thallus N:C ratios. Least squares regression table and signifi-
cance tests for slope and intercept

Source df MS F p
Regression 1 556x10" 2195 <0.001
Error 52 2.53 x 107

Total 53

Parameter Coefficient SD t p
Intercept 0.006 0.004 1.39 >0.1

Slope 0.009 0.002 4.69 <0.001

Source df MS F p
Regression 1 2.69x10° 113.47 <0.001
Error 26 2.37x107°

Total 27

Parameter Coefficient Sb t P
Intercept 0.038 0.002 21.24 <0.001
Slope 0.009 0.001 10.65 <0.001
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Fig. 4. Expt 2. Mean specific growth rate of Dictyosphaeria

cavernosa thalli versus tissue nitrogen concentration in the

saturating DIN experiment. Error bars in both directions are

1 standard error, n = 4. Line corresponds to the least squares
linear regression

Expt 3: Ammonium- vs nitrate-enhanced growth

Dictyosphaeria cavernosa thalli which were grown in
either ammonium- or nitrate-enriched seawater grew
at significantly higher rates than thalli grown in unen-
riched seawater (Fig. 5, Table 5). There was no ammo-
nium-by-nitrate interaction, indicating that assimilation
of one nutrient was not inhibited or enhanced by the
other. Growth rates of thalli in both the 0.5 and 2 uM
ammonium enrichment treatments were significantly
higher than in the ambient treatment, and growth in
the 2 pM ammonium treatment was significantly higher
than in the 2 pM nitrate treatment (Tukey tests, p <
0.001 for 2 pM ammonium vs ambient, p <
0.01 for 0.5 pM ammonium vs ambient, p <
0.05 for 2 pM ammonium vs 2 pM nitrate);
growth rates in the 2 pM and 0.5 uM am-
monium enrichment treatments were not
significantly different, nor were the
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Fig. 5. Expt 3. Mean specific growth rates of Dictyosphaeria
cavernosa thalli in the ammonium vs nitrate enrichment
experiment. Error bars are 1 standard error, n =5

Expt 4: Ammonium- vs urea-enhanced growth

Dictyosphaeria cavernosa thalll grown in ammo-
nium-enriched seawater grew at significantly higher
rates than thalli grown in either urea-enriched or
unenriched seawater (Fig. 6, Table 6). Urea enrich-
ment did not significantly effect growth, and there was
no ammonium-by-urea interaction. Growth rates of
thalli in the 2 pM and 1 pM ammonium enrichment
treatments were significantly higher than in treat-
ments with no ammonium enrichment (Tukey test, p <
0.001 for 2 pM vs ambient, 0.01 < p < 0.025 for 1 pM vs
ambient); growth rates in the 2 uyM and 1 uM ammo-

Table 5. Expt 3 (ammonium vs nitrate enrichment). Factorial ANOVA of
specific growth rates of Dictyosphaeria cavernosa. Blocks are replicate
experimental runs, carried out from January 1994 to April 1995

growth rates in the 0.5 uM ammonium and Source

0.5 pM nitrate treatments. Growth in the o

2 pM nitrate enrichment treatment was NH,
significantly higher than in the ambient NO;
treatment (Tukey test, p < 0.05), but NH, x NO;
growth in the 0.5 uM nitrate treatment glr?gl:s
was not significantly different than in the Total
ambient treatment.

df SS MS F p

2 9.43 % 107" 4.72 x 107" 22.18 < 0.001
2 173 x 1073 8.63 x 1077 4.06 <0.05
4 2.63x 107 6.57 x 1077 0.31 >0.10
4 573%x 10" 1.43 x 1073 6.73 <0.001

32 6.80 % 1073 2.13%x 1074

44 2.39x 1072
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Table 6. Expt 4 {ammonium vs urea enrichment). Factorial ANOVA of
specific growth rates of Dictyosphaeria cavernosa. Blocks are replicate
experimental runs, carried out from May to July 1994

nium enrichment treatments were not sig-
nificantly different. Urea solutions were
not axenic, and may have been slightly

DIN-enriched due to bacterial catabolism
Source df SS MS F p . .
- ) of urea, but ammonium and nitrate con-
NH, 2 549 % 10~ 274 x 1072 16.81 <0.001 centrations were not significantly differ-
Urea 2 3.29 x 107* 1.64 x 1077 1.01  >0.10 ent in 7 sets of paired water samples
NH4 x Urea 4 4.10 x 10‘j 1.03 x 10’j 0.63  >0.10 taken from urea and ambient seawater
Blocks 4 9.41x 10 2.35x 10 1.44 >0.10 ; 3
treatments during the experiment. The
Error 32 523x 107 1.63x 109 rea during the experim
Total 44 1724 x 102 fact that there was no main effect of urea
on growth indicates that urea did not

Table 7. Field experiment. One-way ANOVA of specific growth rates of Dic-

directly enhance growth, and that indirect
effects of ammonium produced by urea
catabolism were undetectable.

tyosphaeria cavernosa. Blocks are replicate experimental runs, carried out

in October and November 1994

Field experiment

Sources df SS MS F p
= = = - Dictyosphaeria cavernosa thalli ex-
Trgatments 1 3.59 x 10:“ 3.59 x 107* 5.07 <0.05 posed to sediment patches for 12 to 15 d
Pairs 7 3.07 x 107 4.42 x 1073 0.62 >0.5 . .
Blocks 5 2 66 x 10-1 133 % 10-1 188 505 showed sustained growth, while control
Error 25 177 %10 * 7.08 x 10-5 thalli lost weight (mean growth rates + 1
Total 35 2.70 x 1073 standard deviation: 3.38 x 1073 + 3.40 x
1073 g g ' d7! for sediment-exposed thalli,
-2.94 x 1079 1.12 x 103 g g d~! for con-
trol thalli); the difference between these rates was
significant (Table 7). The effect of pairing treatment
and control chambers spatially was not significant,
0.04r indicating that the enhancement effect of sediment
T exposure on thallus growth was homogeneous at the
scale of meters on this patch reef. Ammonium concen-
A trations in water samples collected from paired treat-
I ment and control chambers were higher than ammo-
l nium concentrations in the water column (Table 8),
e /T but differences in ammonium and nitrate+nitrite
3 002y a7 concentrations in treatment and control chambers
2 J were not significant (paired ¢-tests, p > 0.1 for both
% ® nutrients). The mean flow rate (x1 standard deviation)
c /l at the field experiment site, measured at the surfaces
% T / of large D. cavernosa thalli, was 1.77 cm s + 0.81
> e (n = 23).
o a
8 or J Urea enrichment (uM) . . "
& Table 8. Mean ammonium and nitrate+nitrite concentrations
—8— 0 in field experiment treatment and control chambers and in
L J — a— 2 the adjacent water column. Concentrations in pM, 1 standard
deviation in parentheses
—o— 4
L
NH, NO.+NO,
-0.02 L L ! Treatment 0.34 0.16
0 1 2 (n=10) (0.22) (0.13)
Ammonium enrichment (uM) Control 0.35 021
(n =10} (0.14) (0.20)
Fig. 6. Expt 4. Mean specific growth rates of Dictyosphaeria Adjacent water column 0.12 0.15
cavernosa thalli in the ammonium vs. urea enrichment exper- (n = 5j (0.07} (0.10}
iment. Error bars are 1 standard error. n=5
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DISCUSSION
Nitrogen-limited growth in Dictyosphaeria cavernosa

Results from the laboratory experiments indicate that
Dictyosphaeria cavernosa cannot sustain growth over 9
to 15 d periods when grown in ambient seawater from
the Kane'ohe Bay water column at a flow rate of ap-
proximately 9.5 cm s' This flow rate is higher than
rates measured at sites in Kane'ohe Bay where D. cav-
ernosa is abundant. These results are consistent with
those of Stimson et al. (1996), and confirm that D. caver-
nosa growth is limited by the availability of inorganic
nitrogen in Kane'ohe Bay seawater. The subsistence
DIN concentration predicted from the results of the lab-
oratory experiments is approximately 1 pM (estimates
of 0.73 uM in Expt 1 and 1.1 uM in Expt 2). Since the
water column DIN concentration is usually less than
0.5 uM, and the flow rate in the field is generally less
than that used in the laboratory experiments (Table 2),
the DIN subsidy (DIN in addition to water column DIN)
needed for sustained growth in the field is in excess of
0.5 pM. DIN in the water column is composed of both
ammonium and nitrate+nitrite, however, and since
nitrate is less effective in enhancing D. cavernosa
growth than ammonium (see ‘Results’, Expt 3), the ac-
tual DIN subsidy required is probably even higher. DIN
concentrations within naturally occurring D. cavernosa
chambers appear to meet this requirement (Table 1).

Results of the field experiment indicate that net
growth of Dictyosphaeria cavernosain the field is made
possible by the availability of DIN in the water below
thalli. Only thalli which were exposed to sediments sus-
tained growth in this experiment. Control thalli, which
were exposed to the same DIN flux from the water col-
umn, but were isolated from sediments, did not grow.
DIN enrichment in the water between sediments and
D. cavernosa thalll is presumably due to efflux from
sediments; mixing and dilution of sediment-derived
DIN into the overlying water column is slowed by the
algal thallus. Net efflux of DIN from Kane'ohe Bay reef
sediments has been measured with benthic chambers
(author’'s unpubl. data) and DIN concentrations within
naturally occuring D. cavernosa chambers are signifi-
cantly higher than in the adjacent water column
(Table 1). This supports the hypothesis that sediment
efflux provides DIN to overlying D. cavernosa thalli.

Effects of ammonium, nitrate and urea enrichment
on Dictyosphaeria cavernosa growth

Seawater enriched with either ammonium or nitrate
resulted in enhanced growth in Dictyosphaeria caver-
nosa thalli (Fig. 4). Nitrate enrichment was effective in

the 2 pM enrichment treatment, but enrichment
with 0.5 uM nitrate did not affect growth rates. In con-
trast, enrichment with <0.5 pM ammonium enhanced
growth in 2 experiments (Expts 1 and 3). Differences in
the effects of these nutrients may be related to the
different energetic requirements of ammonium and
nitrate assimilation. Ammonium can be incorporated
directly into amino acid synthesis without reduction,
while nitrate must be reduced to nitrite and then to
ammonium before assimilation; the energetic cost of
nitrate assimilation may be over 20 % higher than that
of ammonium assimilation (Thompson et al. 1989, Lev-
asseur et al. 1993). To date, no nitrate uptake measure-
ments have been made with D. cavernosa thalli, so the
question of relative uptake rates for ammonium and
nitrate remains unanswered. Although nitrate concen-
trations exceed ammonium concentrations in D. caver-
nosa chambers, nitrate efflux from sediments underly-
ing D. cavernosa thalli is slower than ammonium efflux
{author's unpubl. data). This suggests that ammonium
is taken up by D. cavernosa more rapidly than nitrate
under field conditions.

DON is available to Dictyosphaeria cavernosa at
concentrations 4 to 17 times higher than DIN (Table 1),
but results of Expt 4 indicated that enrichment with
DON in the form of urea had no effect on thallus
growth (Fig. 5, Table 6). In studies using multiple nitro-
gen sources, urea enrichment enhanced the growth of
some macroalgal species, but in most cases, urea was
not the preferred nitrogen source (Mohsen et al. 1974,
DeBoer et al. 1978, Probyn & Chapman 1982). The lack
of growth enhancement by urea in the present study
may be due to the absence of the catalytic enzymes
urease or urea amidolyase (Antia et al. 1991) in D. cav-
ernosa, or, as with nitrate, to the energetic cost of tak-
ing up and assimilating urea.

Tissue nitrogen levels and nitrogen storage

The subsistence tissue nitrogen level was estimated
to be 5.57 + 2.58 mg nitrogen (g dry tissue) ™!, or 0.56 %
by dry weight. This concentration is within the range
of subsistence tissue nitrogen levels reported for other
macroscopic chlorophytes: 0.3 to 2.4% dry weight
(Gordon et al. 1981, Rosenberg et al. 1984, Fujita et al.
1989, Bjornsédter & Wheeler 1990). The tissue nitrogen
concentration corresponding to maximum growth rate
was approximately 10 mg nitrogen (g dry tissue) !
(Fig. 4). The tissue nitrogen level of Dictyosphaeria
cavernosa thalli under field conditions ranged from 6.0
to 10.5 mg nitrogen (g dry tissue)™! (mean = 1 standard
deviation: 8.43 = 1.62, n = 8). A comparison of tissue
nitrogen at maximum growth with field values (10 vs
8.43) suggests that there is not only sufficient tissue
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nitrogen in thalli for sustained growth in the field, but
that field growth rates may be near maximum.

The maximum tissue nitrogen concentration mea-
sured in Expt 2 was 13.0 mg nitrogen (g dry tissue) !, or
1.30% by dry weight. The small difference between
maximum and subsistence nitrogen levels in Dic-
tyosphaeria cavernosa (0.74 %) in comparison to other
macroalge (Lobban & Harrison 1994) suggests that
when external nitrogen concentrations are at growth-
saturating levels, little nitrogen is allocated to reserve
pools. Results from pulsed nutrient experiments car-
ried out by Stimson et al. (1996) support the hypothesis
that nitrogen storage capacity in D. cavernosa is lim-
ited. When provided with 24 h ammonium pulses of 50
or 100 uM, D. cavernosa growth rates increased, and
then declined to control (no ammonium pulse) levels
within 2 to 4 d. In contrast, greater storage capacity in
a varlety of macroalgal forms (e.g. Chaetomorpha
linum. Gracilaria tikvahiae and Macrocystis pyrifera)
allow these species to grow at non-nitrogen limited
rates for 14 to 60 d under low- or no-nitrogen condi-
tions following nitrogen pulses (Ryther et al. 1981,
Fujita 1985, Zimmerman & Kremer 1986, Lavery &
McComb 1991). The ratio of maximum to minimum tis-
sue nitrogen concentrations has been used as an index
of storage capacity (Lobban & Harrison 1994) The
maximum to minimum tissue nitrogen ratio in experi-
mental D. cavernosa thalli was 2.33, and the ratio for
thalli under field conditions was 1.75. These are very
low values compared to those in Lobban & Harrison's
(1994) review.

A caveat is in order regarding the use of tissue nitro-
gen levels to predict nitrogen storage capacity: for
most macroalgae, including Dictyosphaeria cavernosa,
the composition and even the existence of a nitrogen
pool specifically allocated to storage has not been
identified. With the exception of pools of unassimilated
nitrogen, such as vacuolar nitrate (Chapman & Craigie
1977, Hwang et al. 1987, McGlathery 1992), nitrogen
taken up by algal tissues is rapidly assimilated into bio-
chemically active compounds, and is recycled within
tissues to meet changing physiological needs (Fujita et
al. 1988, Vergara et al. 1995). Thus, the use of tissue
nitrogen as a measure of nitrogen storage capacity
assumes that all intracellular nitrogen in excess of the
critical level can be reallocated to growth processes
when external nitrogen becomes limiting (Hanisak
1983).

Sources of nitrogen for Dictyosphaeria cavernosa
The water column overlying the benthos is generally

considered to be the sole or primary nutrient source for
benthic algae (Hanisak 1983), but several studies have

shown that nutrients released from sediments beneath
dense algal mats or banks provide a large fraction of
the nutrient requirements of the algae (Lapointe &
O’'Connell 1989, Lavery & McComb 1991, Krause-
Jensen et al. 1996). Nitrogen released by the sediments
beneath Dictyosphaeria cavernosa thalli appear to be
essential to the sustained growth and persistence of D.
cavernosa in Kane'ohe Bay. Direct evidence that nitro-
gen taken up by D. cavernosa or other macroalgae is
derived from sediments is still lacking Such evidence
will probably require comparisons of nitrogen isotope
ratios in the water column, interstitial water and D.
cavernosa tissues, or tracer experiments using radiola-
beled nitrogen.

The role of water motion and turbulence-enhanced
nutrient supply has not been directly addressed in this
study, but could have important consequences for
nutrient-limited growth in Dictyosphaeria cavernosa.
Although the emphasis here has been on nutrients
supplied by sediments to the undersides of D. caver-
nosa thalli, flow rates across the upper surfaces of thalli
are higher than across the undersides (Table 2). This
raises the possibility that the rate of supply of DIN from
the relatively low concentration but rapidly flowing
water column to thalli may be equal to or greater than
from the nitrogen-enriched but slower moving water
within D. cavernosa chambers.

We recognize that nutrient-limited growth is regu-
lated by rates of nutrient supply, and not by external
nutrient concentrations, per se (Lobban & Harrison
1994). Nutrient supply (or flux or loading) rates to Dic-
tyosphaeria cavernosa thalli in field and laboratory
experiments can be estimated as the products of nutri-
ent concentration and flow rate (Lapointe & Ryther
1979, Fujita & Goldman 1985, Krause-Jensen et al.
1996). DIN supply rates in the field, estimated using
the data in Tables 1 & 2, ranged from 1.1 to 8.6 umol
cm™? h7! for the surfaces of D. cavernosa thalli facing
the water column, and from 5.3 to 24.4 pmol cm™ h™!
for the surfaces of thalli facing sediments. These esti-
mates support the hypothesis that nutrient efflux from
sediments beneath thalli is a major source of inorganic
nitrogen for D. cavernosa. Further support comes from
results of the field experiment (Table 7), which indicate
that the enriched DIN concentrations in the slow-
moving water beneath thalli are high enough to signif-
icantly enhance growth, and in fact make sustained
growth possible.
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