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Abstract

We conducted a manipulative nutrient enrichment study to examine the physiological and growth dynamics of
the common tropical reef algdalimeda tunafrom shallow and deep coral reef environments on Conch Reef, in
the Florida Keys. Paradoxically{. tuna exhibited higher growth rates at depth (low light and below saturating
irradiances) than at shallow sites (high light and at or above saturating irradiances). We hypothesized that the
differences in growth rates were caused by differing nutrient environments at the two sites potentially caused by
the influence of internal tidal bores that elevate nutrient concentrations with depth on Conch Reef. We tested this
hypothesis by manipulating nutrients in a 10-d field experiment, after which we assessed growth, photosynthetic
pigments, tissue nutrients, and other physiological paramdiersina from the shallow back reef site exhibited
nutrient limitation, as indicated by increases in growth rates, pigmentation, tissue nutrients, segment size, and
photosynthetic rates, after enrichment. At the deep site, growth rates were not significantly different between controls
and nutrient-enriched algae. Shallow enriched samples achieved levels of growth that were not significantly different
from deep control or enriched samples. Algae from the deep site responded positively to enrichment for some
physiological parameters; this suggests an opportunistic strategy in an environment that is known to experience
frequent and significant pulses of nutrients from internal tides. Our results document differential nutrient limitation
for H. tunafrom two sites on Conch Reef where, in general, algae from the shallow site were more nutrient limited
than those from the deep site. Finally, this provides some evidence that tropical reef communities may be adapted
to large-scale physical processes such as internal tides.

Reef algae are an important component of many tropicabf fish and invertebrate species. Reef-building corals are
marine ecosystems, including coral reefs, where their progenerally considered to be the dominant components of
ductivity can sustain higher trophic levels and their morpho-healthy or pristine coral reefs, but inconspicuous turfs and
logical diversity provides habitat and shelter for a numbefencrusting coralline algae contribute substantially to reef pri-
mary production in these areas (Odum and Odum 1955;
Hatcher 1997). The abundance of large frondose macroalgae
is typically inversely related to coral abundance; macroalgae
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Phase shifts from coral to algal dominance and large-scalepwelling events, internal tides, and tidal bores may peri-
algal blooms on tropical reefs have become increasinglydically deliver pulses of cool, nutrient-rich water into the
common over the past several decades (Hughes et al. 199@ef environment (Andrews and Gentien 1982; Wolanski and
McCook 1999). Understanding the underlying mechanism$élamner 1988; Rougerie et al. 1992; Wolankski and Dele-
that drive shifts from coral to algal dominance is an activesalle 1993; Szmant and Forrester 1996; Furnas and Mitchell
area of research across a wide range of geographic locales996; Leichter et al. 1996, 1998, 2003; Leichter and Miller
including Hawaii (Smith et al. 2001, 2002; Stimson et al. 1999). The effects of upwelling events on the productivity
2001), Guam (Thacker et al. 2001), Florida (Szmant anénd physiology of marine macrophytes (Zimmerman and
Forrester 1996, Lapointe 1997; Miller et al. 1999; LermanKremer 1984; Fujita et al. 1985, 1989; Kiirikki and Blomster
and Biber 2000), many Caribbean Islands (Littler and Littler1996) and phytoplankton (Maranon and Fernandez 1995;
1984 Littler et al. 1991; Hughes 1994; Hughes and Connelkudela et al. 1997) in temperate regions have been exten-
1999; Aronson and Precht 2000; Williams and Poluninsively studied. However, few researchers have documented
2001), and Australia (Hatcher and Larkum 1983; Bell 1992community or species responses to these events on tropical
McCook 1999, 2001). The results of these studies have begBefs. Some studies have shown changes in planktonic com-
mixed—some have shown strong nutrient effects, othergunities (Wolanski and Hammner 1988; Pineda 1994; Lei-
have shown strong herbivore effects, and others have doghter et al. 1998) and coral growth (Glynn 1977) on reefs
umented interactive effects between both factors. This varim association with these internal wave events: others have
ability suggests that (1) these studies are not comparablgyeculated the influence of these events on benthic algal
because of various artifacts of the experimental design (€.9:ommunities (Wolanski et al. 1988; Ormond and Banaimoon
the duration of experiments and levels of nutrient enrichmen1994)' Recently, Leichter et al. (2003) documented differ-
vary widely among studies) and/or (2) that factors that in-gnces in tissue nutrient concentrations along a depth gradient
fluence algal abundance on reefs can vary significantly b&qr codium isthmocladunon Conch Reef in the Florida
tween or within geographic locations. Longer-term stud|e§<eys, which suggested that the alga was responding to an
with consistent enrichment and herbivore exclusion protog¢shore nutrient source.

COISI ﬁre nﬁeded to clarify these diffeirenfes. 0. Some studies have shown a rapid uptake response by trop-
Although determining community-level responses o elé .| gigae when they are exposed to short-duration pulses of
vated nutrients and reduced herbivory is appealing, studi

. . . ldI€hhanced nutrients in controlled experiments (Lapointe
that address these issues on a species-by-species basis n£§§5. Schaffelke and Klumpp 198%; Schaffelke 1999)
al 1 d .

be more informative. In many cases, algal blooms on corahgo " \htake, some species store excess nutrients, whereas
reefs are dominated by a single species or species comple(%(t,

which suggests that these organisms may possess nov Pers have limited storage capacity (elgva spp.) because
. 99 e 9 y P 5F their higher growth rates (Larned 1998). The success of
physiological characteristics that allow them to out-compet

other members in the benthic community. Numerous studie any tropical algae in offshore environments may be tied to

have documented the effects of nitrogen and phosphoro eir ability to exploit transient nutrient sources associated

; ; g with upwelling, internal tides or tidal bores. Wolanski et al.
concentrations on the growth and physiology of |nd|V|duaI&1988) demonstrated that tidal jets and localized upwelling

(1998) demonstrated that several species of algae frofvents in the northern Great Barrier Reef appear to provide

Kane'ohe Bay, Hawaii, differed in nutrient requirements and€ Nutrients necessary to support extensive deegb(m)
limitations. After simultaneous experimental incubations inmeadqvvs C_’f the calcified green algtallmgda. Sed|ment
aquaria, certain species of red, brown, and green algdePeS in this area also determined that tidally driven up-
showed nitrogen limitation, whereas a single green alg¥’€lling events might have provided the physical conditions
showed phosphorous limitation; growth rates among specidi€cessary foHalimedagrowth in this area for much of the
were highly variable. Other researchers have demonstratééPlocene period. _
that photosynthetic responses to nutrient enrichment vary 1he goals of the present study were to determine whether
among species (Delgado and Lapointe 1994; Lapointe 199¥hanges in growth and a suite of physiological characteristics
Schaffelke and Klumpp 1998b). Still others have docu- ©Of @ common reef algaHalimeda tuna,could be detected
mented differences among species in growth, uptake rate§0m two sites representing a depth and nutrient gradient
tissue nitrogen levels, and phosphorous ratios after enricigenerated by internal tides) on Conch Reef in the Florida
ment (Haines and Wheeler 1978; Rosenberg and Probyﬁeys (Lelchter et al. 1996, 2003) Internal tides and asso-
1984; Fujita 1985; Littler et al. 1988). Thus, it is clear thatCiated nutrient pulses increase in frequency and magnitude
species can differ widely in their response to elevated nutriwith increasing depth on Conch Reef and Leichter and Mill-
ent levels, thereby precluding any predictable or universagr (1999) further suggested that return times for these events
single response to nutrient enrichment by all algae. Somare much greater (orders of magnitude) at 33 m on the reef
algal species (fast-growing, opportunistic species) will thereslope than in the shallower 7-m back-reef environments.
fore be more informative than others of nutrient enrichmentigh nitrate and soluble reactive phosphorous (SRP) levels
and may be able to serve as potential indicator specidsave been documented in conjunction with internal tides,
(Umezawa et al. 2002). and nutrient levels appear to be somewhat negatively cor-
Although coral reefs are generally considered to be olitelated with temperature (Leichter et al. 2003). Although
gotrophic, many recent studies have shown that the watethere are limited data linking elevated nutrient levels and
surrounding some reefs are markedly more dynamic wherimternal tides with the benthic biological community, it
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seems clear that these physical events are likely an important Florida
source of externally derived nutrients on this reef.

Work conducted by Vroom et al. (2003) demonstrated a
marked difference in the stature and growth ratekl afuna
individuals at two sites along a depth gradient on Conch Conch Reef,
Reef. Somewhat paradoxically, deeper samples typically ex- Key Largo
hibit larger sizes and higher growth rates. Additionally,
Beach et al. (2003) documented highly variable photosyn-
thetic rates foH. tuna at these same locations and did not
find differences between shallow and deep populations, de- -
spite differences in irradiance. On the basis of these findings, W"m -
we hypothesized that the apparent differences and variability ‘
in growth and physiology arise from differing nutrient re-
gimes at these sites. If nutrient pulses from internal tidal
bores are more frequent at depth on Conch Reef (Leichter
et al. 2003), perhaps these patterns would be reflected in 24°57°15” N 02T 06" W
common benthic macroalgae. A nutrient enrichment study [. s ,f?
was conducted to determine the possible effects of enrich-
ment events on the ecophysiology ldf tuna. Because we
were not able to coordinate data capture with an actual in-
ternal tide event, nutrient levels were manipulated by per-
forming a short-term in situ enrichment experiment. Growth
and physiological parameters were expected to exhibit larger
nutrient effects at the shallow site, whereas samples from the
deep site were expected to show some evidence of alleviated
nutrient stress.

Materials and methods

Experimental design and site descriptie#h randomized
factorial block design was used to study the effects of nu-
trient enrichment, alizarin red-s (as a growth indicator), and
site (depth) on the growth, physiology, and morphology of
H. tunain the Florida Keys National Marine Sanctuary, on
Conch Reef, Key Largo, Florida. Two sites were selected
that represented two different depths to allow for physiolog- o7 RGO o 28
ical and growth comparisons between locations: Pinnacle “Szzraan O ————— Pruspn
(PIN), ~21 m depth, and Shallow Conch (SG)7 m depth. 27N 0 scale(m) 200 24S64SN B0271STW
The PIN site (2266'870N, 80°27'276'W) is a gradually Fig. 1. Map of southern Florida and the Florida Keys, highlight-
sloping spur and groove community to the west with a steefng the research-only Conch Reef area. Detail: Bathymetric map of
ledge dropping quickly to 35 m depth to the east. The SGesearch area showing the topographic complexity associated with
site (2457'047'N, 80°27'657'W) is ~700 m to the west- the PIN vs. the SC site; N, north; star, location of the Aquarius
northwest of the PIN site and is a level back-reef communitynderwater research facility.

(Fig. 1).

At each site, a total of 15 blocks were established. Each
block was~25 nv in size and was divided into four 2.8 photosynthetically active radiation (PAR) was recorded (ev-
2.5 m subplots. Within each subplot, okk tuna sample ery 15 s) at both sites from 5 to 10 September with LI-COR
was haphazardly selected, marked, and numbered with co# pi spherical quantum sensors and LI-COR LI-1400 data
ored surveyors tape. Treatments (nutrient enrichment anldggers in underwater housings. Each unit was attached to
alizarin red-s;see beloywwere then randomly and indepen- the substratum with the sensor sittirg).25 m off of the
dently assigned to subplots within each block. Samples ifenthos.
each subplot were separated by at least 3 m, and adjacent
blocks were separated by 5 m. Nutrient enrichment and quantificatieAThe nutrient-en-

richment treatment was accomplished by placing a 5-cm fer-

Physical parameters-Temperature was recorded through- tilizer spike (13:4:5 N:P:K; Jobes Inc.; Miller et al. 1999)
out the duration of the experiment300 m away from the inside a 6 cm long< 1.5 cm diameter piece of PVC tubing.
PIN site, at the Aquarius underwater research laboratory (20ubes were perforated by drilling 15 5-mm holes, dispersed
m depth) using an S4 current and conductivity-temperatureavenly to allow the release of fertilizer. Tubes were closed
depth meter (Inter Ocean). Temperature was recorded frowff at the ends with duct tape and then loosely tied with
10 August to 7 September 2000 every 60 s. Instantaneousble directly onto the basal portion Bf tunaindividuals.
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SCUBA divers collected water samples every 3 d througha 5% HCI solution, rinsed in fresh water again, and dried at
out the experiment, beginningl h after initial deployment. 70°C until a constant weight was reached. Carbon, nitrogen,
Samples were obtained on a transect moving away from thend phosphorus content were determined using standard
enrichment source at four distances (0, 0.25, 1, and 5 m) imethods and a Perkin-Elmer 6500 ICP spectrophotometer at
replicates of three at each site on each sampling date. Anthe University of Hawaii Diagnostic Services Center.
bient water samples were collected on each sampling date
~10 m from the experimental area. Samples were collected Photosynthetic pigment analysis?hotosynthetic pig-
using sterile 140-ml syringes. Before collection, each samplenents were quantified for algae that were not stained from
was rinsed through syringes three times. Samples were thdr2 randomly selected blocks within each treatment and site
returned to the surface, where three 20-ml aliquots were filcombination. To minimize any bias associated with the de-
tered through Whatman 2 GF/F glass-fiber filters and rinse@osition of inorganic carbon and the weight of algal tissue,
into 60-ml Nalgene sample bottles. Finally, the remaining 6(nly recently expanded segments that were not completely
ml of sample was filtered into sample bottles and placeatalcified were used for pigment extraction. These new seg-
immediately on ice. All samples were frozen on return toments were also expected to show the most significant treat-
shore. Nutrient concentrations were determined using ament effects, because they were produced during the exper-
Alpkem autoanalyzer for nitrate, nitrite, ammonium, andimental interval. Between 0.05 and 0.10 g of tissue was
phosphate. Differences among sites, distances, and timesmoved from each algal sample. Chlorophglland total
were examined for all nutrients analyzed, to determine thearotenoid concentrations were determined spectrophoto-
extent of enrichment both spatially and temporally. Total dis-metrically using N,N-dimethylformamide extraction (Moran
solved inorganic nitrogen (DIN) and SRP levels were alscand Porath 1980). Calculations of Gh&indb concentrations
analyzed with site, treatment (enriched, samples taken at theere based on the extinction coefficients of Porra et al.
base of algal samples, or ambient-both averaged across &11989). An estimate of the relative carotenoid content was
sampling intervals), and time as factors to determine whethatetermined by the use of equations suggested by Henley and
significant levels of enrichment occurred. Dunton (1995). All pigment values were normalized to tissue

fresh weight.

Alizarin red staining—The alizarin staining treatment was
accomplished by placing a 1-ml aliquot of a 1% (w/v) so- Pulse amplitude—modulated florescence (PANRelative
lution of alizarin red-s dye into a 1.5-ml Eppendorf tube, photosynthetic electron transport rates (RETR), calculated
according to the method of Vroom et al. (2003). One tubgrom chlorophyll fluorescence parameters, were used as a
was placed into a 4-liter plastic bag that was then filled withrelative measure to estimate the photosynthetic efficiency of
seawater by SCUBA divers and affixed around the base dfl. tuna throughout the duration of the experiment in situ
each alga using rubber bands. Once bags were stable, theing an underwater pulse amplitude modulation device
Eppendorf tubes were opened, and the stain was movd®iving-PAM; Waltz). Rapid light curves (White and Critch-
throughout the bag by gently massaging the contents. Badgy 1999) were generated for alizarin and alizarin/nutrient-
were left in situ for 24 h and were then removed by diverstreated samples within three randomly selected blocks every
Immediately after the removal of bags, the nutrient treat3 d at approximately the same time of day for each site.
ments were deployed on appropriate algal samples. Becau€mly new segments were used in generating these data, to
the effects of alizarin red-s stain di. tuna growth have avoid any influence that alizarin staining may have had on
been shown to be negligible and are presented elsewhephotosynthesis. Rapid light curves (RETR vs. actinic light)
(Vroom et al. 2003), only data from alizarin and alizarin pluswere used to estimate various fluorescence parameters: rel-
nutrient—enriched treatments will be presented here. ative maximum electron transport rate (RELR alpha

(slope of initial rise in the light response curve), beta (slope

In-laboratory measurementsAll algae that were stained of downturn at irradiances above saturating levels), and sat-
were left undisturbed in situ for the duration of the experi-urating irradiancel(). Different algal samples were selected
ment. On day 10, algal samples were harvested, placed n each sampling day, to avoid possible confounding effects
separate labeled plastic bags, and returned to the laboratooy inhibition from previous high-irradiance exposures. All
for analysis. Samples were placed in a 4% bleach solutioparameters were estimated from the nonlinear three-param-
for 10 min, to remove natural pigmentation. Any new growtheter model in Frenette et al. (1993). In all cases, data fitted
was excised from each algal sample, and the numbers dfie model well, with significant? values (2 > 0.995 andp
new and old segments were counted. Algal material was< 0.001, data not shown). PAR values were corrected for
weighed wet and dried at 70 until a constant weight was declining intensity as battery voltage declined.
achieved, then reweighed. Before drying, the dimensions of
the largest newly expanded segment on each sample wasData analysis—Analysis of variance (ANOVA) was used
determined. to test for factor effects in all data sets. ANOVA assumptions

were satisfied in all cases by evaluating homoscedasticity

Tissue nutrient analysisAfter completion of the exper- and performing residual analyses to confirm normal distri-
iment, five algal samples were randomly selected from eachutions of error terms. In cases where there were positive
site and treatment combination for tissue nitrogen and phosorrelations between the mean and SD, data were log trans-
phorous measurement. Algae were rinsed briefly in freshformed before analysis. For analysis of proportion data sets,
water, dried to a constant weight at°@) decalcified using arc-sin square-root transformations were performed. In all
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Fig. 3. Experimental nutrient enrichment results (meari SE
: ' ' . ' ' : . : : . for nitrate, ammonium, and phosphate,= 3) for water-column

MO0 1300 20000 20010 2001200 00 0200 2400 samples taken over a 6-d interval beginning 1 h after the deploy-
S Sep 6 Sep 7 Sep 8 Sep 9 Sep ment of treatments. Different-colored bars represent different sam-
Fig. 2. (A) Temperature°C) at the PIN site during the experi- pling dates; distance from source refers to the distance away from

mental interval. (B) PAR at both the SC and PIN sites from a 6-dth€ enriched alga.
interval during the experiment.

Nutrient enrichment quantificatierMean f = 3) con-

tests examined, experimental factors (treatment, site, tim&entrations of nitrate, ammonium, and phosphate at four dis-
etc.) were treated as fixed variables, with the block factofances from the source of enrichment on three sampling

treated as a nested, random factor. The error term was us&@t€s were variable (Fig. 3). A large pulse of enrichment is
as the denominator in aff tests, because there was no a€vident on day 1 for all of the nutrients analyzed. For nitrate,

priori reason to assume interactions between fixed an{’® large pulsex10 umol) quickly diminished, but concen-
blocking variables. When significant interactions were delrations remain elevated above ambient for the duration of

tected between fixed factors, Tukey’s multiple comparisondh® experiment. Concentrations of ammonium and phosphate

were used to determine significance among treatment cony0Wed a more gradual and variable decline over time and
th distance from the enrichment source.

binations and main effects were assumed to be uninter re\f‘-’i . .
P Total DIN and SRP concentrations were variable and gen-

able (model | ANOVA). . S
erally showed a decrease in concentration in treatment plots
over time while remaining relatively constant in control plots

Results (Fig. 4). Total DIN concentrations for enriched plots signif-
icantly declined over time, as evidenced by the significant

Physical parameters-Seawater temperatures from 10 interaction between treatment and tinpe< 0.001); ambient

August to 7 September are shown in Fig. 2A. Values rangedamples remained constant in concentration over time. In

between 25.98and 32.09, with a mean of 29.76(*=0.005). general, DIN concentrations for enriched samples at both

Diurnal measurements of PAR were significantly greater asites declined over time, whereas control samples remained

the SC site jp < 0.001) than at the PIN site (Fig. 2B). The relatively constant. There was a significant dasite inter-

mean PAR for daylight hours was 665.561.3) and 219.2 action for SRP concentration; concentrations steadily de-

(£20.4) umol quanta m? s, with a maximum of 1691.7 creased over time at the PIN site, whereas more variability

and 539.2umol quanta m? st for the SC and PIN sites, was seen at the SC site (Fig. 4, Table 1). There were no

respectively. significant differences in DIN or SRP concentration in either
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Shaliow Conch Pinnacle Table 1. ANOVA results for water chemistry: comparing dis-
solved inorganic nitrogen (DIN) and soluble reactive phosphorus
5 4 ambient (SRP) between ambient samples and enriched samples (treatment)
_ enriched every 3 days (time) after enrichment on day 1 between sites (SC
g and PIN),n = 3. Significance atx = 0.05 is indicated in boldface
£ 10 type; Tr, treatment.
g 4
= DIN SP
27 FaCtor Fl,l,2,1,2,2,2 p Fl,l,2,l,2,2.2 p
0 Site 0 0.984 0.59 0.452
. Treatment 48.63  <0.001 15.68  0.001
o Time 10.35  0.001 144 0257
~ Site X Tr 1.60 0.218 2.15 0.157
= Site X time 0.15 0.861 359 0044
g Tr X time 28.86  <0.001 0.54 0.592
& o024 Site X Tr X time 0.36 0.699 0.48 0.625
"2
0.1
: site typically had a significantly greater number of segments

. per axis than samples at SP € 0.043, data not shown).

) , Segment width (horizontal dimension) was significantly

Fig. 4. DIN and SRP results (mean1 SE,n = 3) for enriched  grater at the PIN site than at the SC sige< 0.007) but
(sample_s taken at the site of enrichment) and ambient (samples tagid not change significantly with enrichment (Fig. 6A, Table
en outside of the experimental area) water samples. 3). Segment length (vertical dimension) was also signifi-

cantly greater at the PIN sitg (< 0.023) and increased in
. . . response to nutrient enrichmerp € 0.001) at both sites
ambient or enriched plots between sitgs £ 0.984 and  (rig 6B, Table 3). Segment circumference was again great-
0.452, respectively). est at the PIN site = 0.004) and increased in response to
o . . , enrichment p = 0.031, Fig. 6C, Table 3).

Alizarin staining and nutrients-Several morphological  Nytrient enrichment generally led to increases in algal bio-
parameters were measured to determine the physical rgass, and this response was greatest at the SC site. Various
sponse ofH. tuna to elevated nutrient concentrations. parameters that measure thallus stature, including the total
Growth was estimated by quantifying newly produced bio-nymper of new segments, weight, and the size of new seg-
mass and the number of new segments produced during thgents were greater at the PIN site than at the SC site and

10-d experiment. To account for possible effects of thallusnowed variable responses to enrichment (Figs. 5, 6).
size on these variables, the relative percentage increase in

both weight and segment number were also examined (Fig. —alizarin
5). A significant interaction was present for the mean new EIZH alizarin & envichment
dry weight produced during the experiment. Biomass pro-  *1
duction was greater for PIN individuals treated with alizarin
(p = 0.0024) and with alizarin and nutrienp (= 0.0042)
than for SC alizarin-treated individuals. SC alizarin and nu-
trient—enriched samples produced more biomass than SC
samples that only received alizarin treatmemts=(0.0028).
Overall, the largest weight gain occurred in the PIN stained
samples, followed by PIN stained and nutrient-treated sam-
ples, then SC stained and nutrient-treated, and, lastly, the SC
stained samples (Table 2). The mean percentage increase in
dry weight biomass throughout the experiment was signifi- 0030
cantly greater foH. tunaat the PIN site than at the SC site « s |
(p = 0.010) and was greater for enriched samples than fof
control samplesf = 0.025). The mean percentage increaseg **' |
in biomass per day was similar for enriched samples at the o.s |
SC site and the unenriched samples at the PIN site (1.24B oo |
+ 0.179 vs. 1.324+ 0.160, respectively). 5
The absolute number of new segments and the percentaéeﬂ005 1
increase in segments per day was greater at the PIN site than g, | e | : o
at SC ¢) = 0009 andp < 0001’ I’eSpeCtlve|y) Aga”’], the Shallow Conch  Pinnacle Shallow Conch Pinnacle
SC enriched samples showed a similar number of new seg- Fig. 5. Mean ¢ 1 SE,n = 15) of various morphological char-
ments produced per day as the PIN unenriched samples (3.8éteristics forH. tunaat SC and PIN sites in alizarin- and alizarin
+ 0.821 vs. 3.95+ 0.768, respectively). tunaat the PIN  and nutrient-enriched treatments.

Dayl Day4 Day7 Dayl Day4 Day?7

B

[
L

[N
L

Mean no. new segments d”
% increase in segment no.

-
L

% increase in weight
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Table 2. ANOVA results for variousl. tuna growth statistics after 10 d of exposure to treatments: 15; treatment (trt), alizarin or
alizarin and nutrients; site, SC or PIN; block is nested within site. Statistically significant values are given in boldface.

New weight % new weight New segments % new segments

FaCtor F1,1,1,28 p F1,1,1,28 p F1,1,1,28 p F1,1,1,28 p
Treatment 5.76 0.025 5.79 0.025 1.49 0.235 1.48 0.237
Site 7.50 0.012 7.91 0.010 7.57 0.009 15.37 <0.001
Trt X site 8.68 0.007 1.18 0.288 2.65 0.117 0.92 0.347
Block (site) 1.17 0.354 1.37 0.227 0.47 0.972 0.48 0.969

Tissue nutrients-Total nitrogen (TN) and total phospho- Discussion
rus (TP) levels were the lowest for unenriched samples at
both sites (Table 4, Fig. 7). TN was significantly greater at Our study experimentally demonstrated differences in nu-
the PIN site p = 0.029), and the enrichment treatment ledtrient limitation for a common reef algll. tuna from two
to significant increases in TN levelp (= 0.004). TP was sites along a depth gradient on Conch Reef, Florida Keys.
not significantly different between sites but did increase sigH. tunasamples from the deeper PIN site were less nutrient
nificantly with enrichment at both sitep (= 0.026). Tissue limited than those from the shallow back reef site, as deter-
TN:TP ratios forH. tunawere greater than water-column mined by higher growth rates and less of an overall response
N : P ratios and did not differ between sites or treatmepts ( to nutrient addition$ee Table 7 for summaryThese results
= 0.829 and 0.124, respectively). are counterintuitive if one assumes that algae at shallow sites

that are closer to shore are more likely to be exposed to

Pigment concentratiorsQuantities and ratios of photo- elevated nutrients associated with terrestrial runoff, sewage
synthetic pigments extracted from samples at the end of th@put, and groundwater intrusion. However, SC is a back reef
experiment generally responded to enrichment and site (Fignabitat that is located~3 km from shore, and long-term
8). Significant treatment effects were detected for &lfp ~ water quality monitoring in the vicinity has not documented
= 0.042), with nutrient-enriched samples exhibiting highersustained elevated nutrient concentrations (http://
concentrations than control samples (Table 5). There wer@ww.fiu.edu~~serp/jrpp/wgmn/wgmn.html). A more likely
no significant differences observed for treatment, site, oexplanation for the observed difference in growth and phys-
block in Chlb concentrations. Caroteniod concentration hadology is the frequent presence of internal tidal bores that
a significant treatmenx site interaction p = 0.032); nutri-  have been documented on Conch Reef at the PIN site, which
ent-enriched samples had significantly greater carotenoildring cool, nutrient-rich water up onto the reef slope (Lei-
concentrations than control samples, and SC enriched sarohter et al. 2003). Because of the bathymetry associated with
ples had significantly greater carotenoid concentrations thamany of these offshore reefs, tidal bores initially interact
SC control samples. There was a significant site effect fowith the deeper offshore reef slope but then quickly mix,
Chl a:b ratios (p = 0.009), with the SC site having more destratify, and dissipate before reaching the shallow waters
Chl a per Chilb than the PIN site. There were no significant of the back reef. It has been estimated that, although an
site or treatment effects for the ratio of Chlicarotenoid. occasional bore may reach the back reef, most of these

events are associated with the deeper fore-reef environments

PAM fluorescence-Data were fitted to nonlinear models (Leichter and Miller 1999). Therefore, nutrient input and its
using equations from Frenette et al. (1993) to estimate thassociated effects on benthic communities are likely to be
parameters RETR,, alpha, beta, antl; in all casesy2val-  most pronounced in the deeper reef-slope areas. This dynam-
ues were>0.998, withp < 0.01 (data not shown). Because ic nutrient environment helps to explain the long-term trends
of the consistent significance in these models, estimates abserved by Vroom et al. (2003) of higher growth rates at
photosynthetic parameters were used in ANOVA analysis téhe PIN site and the high variability in photosynthetic pa-
test for differences among sites, treatments, and days (Tabtameters observed by Beach et al. (2003) for the same plant
6, Fig. 9). A significant treatmenx time interaction p = populations at SC and PIN. On tropical reefs, physical forc-
0.039) was detected for RETR. In general, photosynthetic ing functions such as internal tides are likely to influence
rates were higher at the SC site than the PIN site, but thed®ological patterns and processes such as those observed
rates increased in nutrient-enriched samples at both sitdgere and elsewhere (Beach et al. 2003; Vroom et al. 2003).
over time while remaining constant for controls (Fig. 10).
The measure of photosynthetic efficiency, alpha, displayed Nutrient enrichmenrt-The nutrient enrichment methods
a significant treatmenx site interaction p = 0.001, control used in our study were effective at significantly increasing
PIN > control SC,p = 0.0022). Significant site and day inorganic nutrient concentrations above ambient levels. Con-
effects p = 0.050 and 0.013, respectively) were detecteccentrations of all nutrients measured decreased both with
for beta;H. tunasamples at SC had greater negative valuesime and distance away from the nutrient source (Fig. 3). It
for beta than samples at the PIN site, and beta on day 1@ of interest that ambient nutrient concentrations measured
was greater (more negative) than on day 1 op4-(0.0217, here were higher than those reported from Leichter et al.
0.0255, respectively). (2003) from Conch Reef but were similar to those reported
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Table 3. ANOVA results foH. tunasegment dimensions mea-
sured after the 10-d experiment & 15); treatment (trt), alizarin
or alizarin and nutrients; site, SC or PIN; block is nested within
site. Statistically significant values are given in boldface.

Length Width Circumference
FaCtor F1,1‘1,28 p F1‘1,1,28 p F1‘1,1,28 p
Treatment 17.20 <0.001 0.49 0.492 5.30 0.031
Site 5.67 0.023 8.10 0.007 9.51 0.004

Trt X site 0.95
Block (site) 0.88

0.339 1.25 0.276 0.44 0.511
0.633 0.93 0.576 1.42 0.198

some effect on our “ambient” sampling—samples were tak-
en only 10 m away from experimental treatments. Either
way, enrichment treatments clearly increased nutrient con-
centrations above background levels. Nevertheless, the sam-
pling reported here and elsewhere (Szmant and Forrester
1996; Miller et al. 1999; Umezawa et al. 2002; Leichter et
al. 2003) emphasizes the dynamic nature of seawater nutrient
chemistry and supports the need for more robust spatial and
temporal sampling to accurately document the nutrient re-
gime of a given location. The factors that affect variability
in nutrient concentrations and delivery rates in coral reef
habitats are still little known and represent an important area
for future study.

A W alizarin
[ alizarin & enrichment

% tissue nitrogen

0.03

% tissue phosphorous

by Miller et al. (1999) on nearby Pickles Reef. It is unclear 0.03
why DIN concentrations were high in these ambient sam-
ples, but they may have been associated with passing inter-
nal tide events. Temperatures recorded during the present

Shallow Conch

Pinnacle

study indicated that multiple small-scale upwelling events Fig. 7. Mean % tissue nutrientst. SE,n = 5). (A) nitrogen
did occur. It is also possible that enrichment treatments haednd (B) phosphorus.
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Table 4. ANOVA results for % tissue nutrients after the com- alizarin .
pletion of the 10-d experimenn(= 5; treatment (Trt), alizarin or os EE alizarin & enrichment
alizarin and nutrients; site, SC or PIN. Statistically significantvalues | ., vs Chla+b
are given in boldface. 0.50 | ’

TN TP N:P 451

Factor Fiis p Fiia p Fiia p 0409
Treatment 10.94 0.004 6.00 0026 1.84 0.194 035 -|
Site 577 0.029 0.07 0.789 0.05 0.829
Trt X site 1.01 0.329 0.07 0789 0.18 0.678 07

0.30

sh tissue

Alizarin staining—Alizarin red-s is a biological stain that
has been used to measure growth in a number of calcifie¢t
organisms, including calcareous algae (Payri 1998; Vroome, o2
et al. 2003) and coral (Dodge 1984). Because the stain ha$
been known to temporarily reduce growth rates in some or-g
ganisms, we wanted to determine whether manual growthg
determination was a more appropriate technique to measure
growth in H. tuna. Results found in the present study (data
not presented) and by Vroom et al. (2003) suggest that aliz- o
arin produced little to no detectable effects bh tuna

0.20

growth. 0.18
Effects of nutrient enrichment on growth ldf tuna—For 0.15 -
unenriched treatments, both the number of segments pro-
duced and the new dry-weight biomass Fhrtunawas sig- 042
nificantly greater at the PIN site than at the SC site. With :
the addition of nutrients, samples at the SC site responded Shallow Pinnacle Shailow Pinnacle

significantly and, in most of the measurements, reached val- Conch Conch

ues equal to or greater than PIN unenriched samples. In Fig. 8. Photosynthetic pigments (mean1 SE,n = 12) and
terms of total dry-weight production, algal samples at thepigment ratios fromH. tunaat the end of the experiment.

PIN site did not respond to enrichment, whereas those at the

SC site did. This finding suggests that the growthHotuna

was nutrient limited at the SC site but not at the PIN sitements have a larger surface area, which thus allows for in-
Morphometric measurements bf. tuna also showed inter- creased absorption of nutrients as well as light. Regardless
esting patterns in terms of depth and nutrient enrichmenbf the underlying adaptive mechanism, our results suggest
The overall size of segments at the PIN site was larger thathat changing nutrient environments can significantly influ-
at SC, but, at both locations, segment size increased withnce segment size id. tuna.

nutrient addition. These findings suggest that nutrient con-

centrations may be related to segment size. Because of theEffects of nutrient enrichment oH. tuna physiology—
siphonous nature of allalimedaspecies and because mem- Experiments along a depth gradient present a complex and
bers of this genus typically produce new segments rapidlynteracting series of factors, including irradiance load and
during the night (Hay et al. 1988), it would seem logical thatday length, temperature, and episodic nutrient pulses, as well
larger segments could be produced during periods of greatas isolating mechanisms leading to population responses. In
resource availability. Furthermore, there may be a possiblthe present study, alizarin-treated controls exhibited typical
adaptive advantage to producing larger segments in the presun—shade acclimation (Falkowski and LaRoche 1991), with
ence of increased nutrient concentrations, because larger segrallow samples having higher relative electron transport

Table 5. ANOVA results for photosynthetic pigments extracted fidéntunaafter the 10-d experimenh(= 12); treatment, alizarin or
alizarin and nutrients; site, SC or PIN. Statistically significant values are given in boldface.

Chla Chlb Carotenoid Chla:b Chl a: carotenoid

FaCtor Fl,l‘l.17 p Fl.l,l.l7 p F1,1,1‘17 p Fl,l‘l.17 p Fl.l,l.l7 p
Treatment 4.83 0.042 3.54 0.071 5.82 0.027 1.57 0.227 2.28 0.149
Site 1.01 0.328 3.61 0.075 0.40 0.537 8.55 0.009 0.07 0.791
Trt X site 3.63 0.074 2.84 0.110 5.49 0.032 1.20 0.289 3.12 0.095

Block (site) 1.22 0.340 191 0.096 1.24 0.332 2.73 0.023 1.75 0.128
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Fig. 9. Rapid light curves generated in the field using a PAM.
Each curve represents the meanl(SE,n = 3) of three individ-
ually sampledH. tunasamples within each treatment and site com- .
bination. Curves were run on samples every 3 d during the 10-d Time (days)
nutrient enrichment experiment and began on day 1, immediately
after enrichment.

Fig. 10. Changes in RETR, as calculated from rapid light
curves for alizarin- and alizarin and nutrient—enriclh&édunasam-
ples from the SC and PIN sites over time.
rates, lower efficiency, and lower Chl b, and carotenoid
(siphonein and siphonaxanthin) concentrations. Deeper sam-
ples however, had higher growth rates and larger stature than The shallow population oH. tuna showed a greater de-
shallow samples. The lower net growth rates in the shalloveline in electron transport rates at high irradiances (beta, Fig.
population may be explained by several interacting factor®) than the deep populations; this trend became more pro-
in addition to nutrient limitation, including photoinhibition, nounced over time. Because in situ fluorescence measure-
removal of tissue by grazers, and the manipulation of algainents were taken on these samples during midday, it seems
tissue by amphipods (Vroom et al. 2003). Walters et allikely that the shallow populations were naturally experienc-
(2002) and Vroom et al. (2003) showed a significant buting photodamage associated with higher ambient light en-
roughly equivalent amount of grazing and amphipod habivironments (Fig. 2) and, when examined with saturating
tation onH. tuna at both sites, which suggests that thesepulses from PAM fluorometer, they were less able to cope
factors are not contributing to the between-site differencesith the high actinic irradiances that are standard for this
in net biomass accumulation reported here. measurement. These results are possibly linked to differenc-

Table 6. ANOVA results for photosynthetic parameters estimated by PAM fluorescence every 3 d in thesi&y (reatment, alizarin
or alizarin and nutrients; site, SC or PIN. Statistically significant values are given in boldface.

RETR, Alpha I Beta
FaCtOr F1,3.1,3,1,3.3 p F1,3,l,3.1.3,3 p Fl,3,1.3,1,3,3 p Fl,3,1.3,l,3,3 p
Treatment 10.09 0.003 0.52 0.475 10.47 0.002 2.24 0.141
Site 5.98 0.018 2.50 0.051 8.97 0.004 3.95 0.050
Time 1.84 0.153 0.45 0.721 0.88 0.459 3.99 0.013
Trt X site 0.13 0.718 15.35 0.001 10.27 0.002 1.66 0.204
Trt X time 3.01 0.039 1.08 0.368 4.22 0.010 0.23 0.874
Site X time 0.48 0.701 0.62 0.603 0.39 0.757 0.24 0.865

Trt X site X time 0.84 0.481 2.07 0.116 0.49 0.691 1.38 0.259
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Table 7. Summary of general patterns observed in growth and photosynthetic parametertufain the study from Shallow Conch
and Pinnacle, with and without nutrient enrichment. Different letters indicate significant differenedests (see “Results”), with A and
B indicating site differences and C and D treatment differences; higher letters represent greater values of the given parameter.

Site Treatment
Parameter Shallow Conch Pinnacle Control Nutrient

Growth

Number of segments A B C C

Weight A B C D
Segment size

Length A B C D

Width A B C C

Circumference A B C D
Pigments

Chl a A A C D

Chl b A A C C

Carotenoids A A C D
Tissue nutrients

Nitrogen A B C D

Phosphorus A A C D
Photosynthetic parameters

RETR A B C D

Alpha B A C C

Beta A B C C

I B A C D

es in photoacclimation between the populations and/or posl jet patterns and processes in the Ribbon Reef network,
sibly nutrient stress. Photoinhibition has previously beerincluding associated reduced temperatures and increased ni-
documented in shallow populationsldf tunafrom both the  trate concentrations but did not make any direct links to the
SC site (Beach et al. 2003) and the Mediterranean (Hader éiology or physiology of theHalimeda populations that
al. 1996). More research is needed to understand how phatlominate the region. On the basis of estimated densities (685
toinhibition and nutrient limitation interact and the subse-g m2), rates of productivity (Drew 1983) and tissue nitrogen
quent consequences to resource allocation, growth, ardvels (0.24% N) (Atkinson and Smith 1983), they deter-
physiology in tropical marine algae. mined the amount of nitrogen required to support such a

Although both populations dfi. tunaat Conch Reef did population. It was estimated that 0.26nol nitrate moving
show nutrient limitation, the PIN population was less nutri-at 0.5 m s* would deliver 786 kg of N d* to theHalimeda
ent limited than the SC population, as evidenced by highebanks. Tidal jets and associated upwelling events may there-
tissue nitrogen, faster overall growth rates, larger stature, arfdre have provided the physical conditions conducivel&d-
lower or no responses to enrichment (Turpin 1991). On thémedagrowth in this area for much of the Holocene period.
basis of tissue nutrient data, both populations appeared to beLeicther et al. (1996, 2003) documented physical condi-
phosphorous limited (TP increased with enrichment at botlions similar to Ribbon Reef on Conch Reef. Changes in
sites). Maximum electron transport rates increased in bothitrate concentration from 0.1 to 4/mol (but concentra-
populations with the addition of nutrients, but there was naions up to 15umol nitrate have been reported seaward of
significant change in efficiency. Littler et al. (1988) showedthe southern Florida Keys [Lee et al. 1994]), reduced tem-
a significant positive relationship between nutrient pulsegeratures (decreases of 3€9n 20 min; Leichter and Miller
and photosynthetic rates in several specieslaifmedaand 1999), increased flow speed (up to 25 cm),sand, poten-
suggested that these species are adapted to take advanttighy, increases in extinction coefficients correspond with the
of short nutrient pulses. Scheffelke (1998) also showed rapidrrival of a tidal bore. Leichter et al. (1998) documented
increases in photosynthesis with the addition of nutrients irdynamic responses of the planktonic community to internal
the tropical algaSargassum baccularigClearly, some spe- waves, but the effects of these events on benthic community
cies of tropical macroalgae are able to readily use transierstructure and productivity in the tropics have remained elu-
nutrient sources. sive.

Because the arrival of a tidal bore is coupled with both

Relationship betweemalimeda tunaand tidal bores—  increased nutrient concentrations and increased flow rates,
Wolanski et al. (1988) suggested that deep (30—453Huad) nutrient flux across benthic boundary layers could be quite
imedameadows at Ribbon Reef in the northern portion ofhigh and ideal for nutrient uptake by upright macroalgal spe-
the Great Barrier Reef are supported by nutrient upwellingies (Hurd et al. 1996; Fong et al. 2001). However, reduc-
associated with tidal jets. These researchers documented titiens in temperature also accompany these events, and re-
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duced temperature often reduce metabolic rates in tropical The results of the present study and those of Leichter et
algae; therefore, these effects may overshadow increasesah (2003) underscore the extent to which nutrient dynamics
photosynthesis that are associated with nutrient increases tropical reefs can be more complex than was previously
(Abel and Drew 1985). Algae may also take up and storehought. Future research needs to incorporate spatially and
nutrients during an upwelling event for later use. Althoughtemporally rigorous nutrient sampling to fully account for
our data represent the first experimental evidence indirectlthese episodic pulses and other unaccounted-for nutrient
linking natural upwelling on a coral reef to the growth, pho-sources. Many studies have documented the presence of
tosynthesis, and morphology of a common tropical macroalhighly productive deep-water algal communities in the trop-
gae clearly, more research is needed to understand the iits, but few studies have attempted to link large-scale ocean-
teractions of temperature, nutrient concentrations, flow, andgraphic processes to their persistence. Biological and phys-
light regimes with tropical algal physiology. iological parameters of some species of macroalgae can
On Conch Reef, lessened nutrient limitation and highereflect both the short- and long-term nutrient environment
growth rates ofH. tuna at the PIN site imply that this lo- on reefs (Umezawa et al. 2002) and should be used in con-
cation is exposed to a source of nutrients that is absent gunction with field-based experimentation to link physical
reduced at the SC site. The delivery of nutrient rich subprocesses to biological patterns in the tropics. Large-scale
thermocline water to the deeper reef slope community vigphysical events, such as internal tides may be an important
internal tides is likely the cause of such patterns (Leichtesource of externally derived nutrients for tropical reefs and
et al. 2003). The dramatic change in bathymetry between theay be contributing significantly to the diversity and pro-
SC and PIN sites (Fig. 1), coupled with the rapid mixingductivity of benthic coral reef communities.
that occurs as these tidal bores move into shallow water,
creates a gradient in temperature and nutrient concentratiqReferences
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