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transport (rETRmax) and effective quantum yield (ΦPSII). 
It was also determined that macroalgae exhibited differ-
ent curves with tidal state. P. sanctae-crucis had relatively 
increased saturation irradiances (Ek) and increased rETRmax 
but lowered effective quantum yield (ΦPSII) during nega-
tive tidal heights when aerial exposure is more common. P. 
sanctae-crucis was then exposed to air for up to 40 min in 
a laboratory experiment to determine the effect on fluores-
cence parameters. The 40-min aerial exposure, a duration 
smaller than which occurs at low tide, resulted in reduced 
rETRmax, α, and ΦPSII. This manipulation combined with 
field observations indicate that aggregations of thalli com-
bined with water motion and minimal tidal fluctuations help 
to limit water loss and maintain photosynthetic rates. From 
these results, we can conclude, for this system, high irradi-
ances are a major factor that likely limits production.

Introduction

Anthropogenic activities have lead to changes in ocean 
carbon chemistry and increased sea surface temperatures 
(Ciais et  al. 2013). Changes in the environment can have 
major consequences on photosynthesis and in turn impact 
the settlement, productivity, or survival of marine plants. To 
better understand the impact of changing oceans on biota, it 
is becoming necessary to understand how organism physi-
ology adapts and acclimates to small-scale fluctuations in 
the environment (Helmuth 2009; Tomanek and Helmuth 
2002).

Intertidal habitats are a model system for investigating 
how organisms adjust to rapid fluctuations (Tomanek and 
Helmuth 2002). Intertidal habitats are usually considered 
one of the most stressful environments for marine primary 
producers because of heterogeneity of habitat and rapidly 
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changing physical and biotic conditions (Doty 1946; Con-
nell 1961; Paine 1974; Schonbek and Norton 1978). Inter-
tidal macroalgae that are anchored to the substratum rely 
on water flow to acquire limiting nutrients and CO2. These 
algae must also tolerate diurnally and rapidly fluctuat-
ing irradiances and temperatures and cope with periods of 
desiccation that accompany tidal changes (Davison and 
Pearson 1996). Such physiological stresses are known to 
alter distribution patterns (Doty 1946; Connell 1961; Paine 
1974; Schonbek and Norton 1978) and impact primary pro-
duction (Silva et al. 2005; Williams and Dethier 2005).

Our understanding of stress for rocky intertidal mac-
roalgae comes primarily from laboratory studies (John-
son et al. 1974; Dring and Brown 1982; Smith and Berry 
1986; Bell 1995; Dudgeon et  al. 1995; Matta and Chap-
man 1995; Hunt and Denny 2008) and, to a lesser extent, 
from field studies conducted at temperate latitudes (Foster 
1982; Oates and Murray 1983; Davison et  al. 1993; Gan-
zon-Fortes 1997; Wright et  al. 2004; Dethier et  al. 2005; 
Williams and Dethier 2005; Dethier and Williams 2009). 
Species vary in their ability to withstand and recover from 
stress (Smith and Berry 1986; Matta and Chapman 1995; 
Davison and Pearson 1996; Beach and Smith 1997). Inter-
tidal algae are often more tolerant of harsh emersion con-
ditions than subtidal species (Davison and Pearson 1996). 
However, even the most robust intertidal brown algae (e.g., 
fucoids) exhibit higher rates of photosynthesis when sub-
mersed (Chapman 1995).

Temperate algae experience extended exposure to air 
(Williams and Dethier 2005), and photosynthesis becomes 
inhibited as cells overheat and dry (Davison and Pearson 
1996). Therefore, desiccation is a key factor controlling 
production in intertidal habitats (Schonbek and Norton 
1978; Davison et al. 1993). Desiccation rates can vary with 
solar irradiance, air temperature, wind speed, algal mor-
phology, humidity, and varying tidal heights (Bell 1995; 
Dudgeon et al. 1995; Matta and Chapman 1995; Beach and 
Smith 1997; Schaffelke and Deane 2005; Hunt and Denny 
2008). For example, turf algae which are diminutive in size 
and aggregated tend to be more resistant to desiccation 
stress than larger macrophytes (Hay 1981).

While effects of irradiance, temperature, and aerial 
exposure on algal production have been well studied in the 
laboratory for temperate and some tropical species, less 
is known about the actual stress intertidal algae experi-
ence in natural settings (Bell 1995; Davison and Pearson 
1996; Williams and Dethier 2005). Because it is difficult to 
mimic natural conditions, comparisons between field and 
laboratory measurements of production can reveal discrep-
ancies in photosynthetic rates (Tait and Schiel 2010). For 
instance, in the laboratory, investigators often isolate mac-
roalgae from natural surroundings for prolonged durations 
that may facilitate stress reduction (Bertness et  al. 1999; 

Molina-Montenegro et  al. 2005). Although more recent 
fluorescence technologies have some limitations, they also 
allow researchers to measure aspects of photosynthesis 
relatively rapidly and in situ (or near to in situ, as in this 
study) (White and Critchley 1999; Ralph and Gademann 
2005).

It is expected that stress experienced by reef algae in 
Hawaii’s tropical intertidal environment differs from the 
models provided by temperate systems. Tropical reef algae 
experience some of the highest temperatures and irradi-
ances worldwide (Beach and Smith 1996a) with ultraviolet 
radiation 2× higher than in temperate regions (Beach and 
Smith 1996b) and the diurnal timing of spring low tides 
coincides with daylight hours during warm months (April–
July) (www.tidesandcurrents.noaa.gov, Fig.  1). However, 
tides in the islands fluctuate <1  m, and seasonal wave 
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Fig. 1   The timing and magnitude of low tides for Honolulu, Hawaii, 
2008. Negative tidal heights, <−0.03 m, occur in daylight in April–
July (top) when average air temperatures (°C, above bars) are warm. 
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heights can swamp exposed shores (Gosline 1965; Kay 
1979; Abbott 1999). Past studies focusing on one Hawaiian 
intertidal alga growing high on basaltic shores, Ahnfeltiop-
sis concinna, found that physiological stress and response 
varied over microscales from the canopy to understory 
(Beach and Smith 1996a). For instance, A. concinna was 
able to adjust the ratio of pigments over a few centimeters 
from the plant canopy to understory to better photo-protect 
the exposed portion of the thalli, a tactic to cope with the 
excessive irradiance. In other Hawaiian macroalgal taxa, 
species distribution varies over shores (Cox et al. 2013) and 
functional forms are known to coincide with temperature 
zones (Bird et  al. 2013) suggesting that physiological or 
biological variability exists among intertidal algae, even in 
tropical settings.

These few studies discussed above provide relevant data 
for stress coping mechanisms of marine algae in tropical 
intertidal zones (Beach and Smith 1996a, Bird et al. 2013). 
Coping mechanisms include preferential settlement, photo-
protection, and morphological variation. These studies also 
provide the opportunity to ask additional fundamental ques-
tions about how tropical conditions combined with micro-
tidal regimes (<1 m) impact photosynthesis of a common 
macroalgae, Padina sanctae-crucis, found on narrow 
shores. Because environmental variations can have major 
consequences on photosynthesis and in turn impact the set-
tlement, productivity, or survival of plants in the intertidal 
zone, we asked the following questions: (1) What is the 
range of conditions (temperature, duration of exposure to 
air, and irradiance) experienced by P. sanctae-crucis over 
days with low tides of negative tidal height? (2) Will the 
alga be able to retain water under these tropical conditions? 
(3) Will photosynthesis be reduced during low tides (peri-
ods with negative tidal height)? To address these questions, 
this study quantified the variation in environmental condi-
tions in the intertidal zone and the photosynthetic activity 
of the common reef alga P. sanctae-crucis before, during, 
and after peak low tides at two sites on the south shore of 
O‘ahu, Hawaii. The rapid light response curve (RLC) func-
tion in the diving-PAM (pulse amplitude modulated fluo-
rometer) was used to determine photosynthetic activity. 
Parameters derived from RLCs have been used success-
fully to reflect the relative condition of marine plants dur-
ing diel and tidal cycles (Beer et  al. 1998; Gévaert et  al. 
2003; Ralph and Gademann 2005). Algae with decreased 
photosynthesis may be expected to have relatively lowered 
effective quantum yield (ΦPSII), photosynthetic efficiency 
(α, the initial slope of the RLC curve), electron transport 
rates, and less ability to cope with irradiances above satura-
tion (β, the negative slope of the curve at high irradiances). 
To examine variation with tidal phasing and changes in 
irradiance, measurements were collected over several con-
secutive days experiencing varying low tide tidal heights at 

different times of the day. P. sanctae-crucis was sampled 
extensively to determine the extent to which photosynthesis 
and relative water content (RWC) varied on narrow (~15–
30 m wide) tidal benches. Finally, an experiment was con-
ducted in the laboratory to isolate the effect of exposure on 
P. sanctae-crucis fluorescence.

Methods

Site description

Reef algal physiology and environmental measurements 
were sampled at two sites on the south shore of O‘ahu, 
the intertidal reefs of Diamond Head (21º17′45.18, 
158º06′13.42) and Kalaeloa (21º15′19.89, 157º48′37.23). 
Both sites possess limestone solution benches/platforms 
with similar diversity and abundance of reef algal species 
(Cox et  al. 2013). Diamond Head has an intertidal region 
which is ~15 m wide at mean low, low water and contains 
a nearshore depression that allows water to pool during 
low tides with little to no tidal fluctuation. The tidal reef 
at Kalaeloa is a ~30-m-wide bench with an area mid-shore 
that is slightly elevated with respect to sea level.

Padina sanctae‑crucis

On both shores, P. sanctae-crucis (a tropical cosmopoli-
tan species) forms monospecific stands near the high tide 
line and extends into the mid-intertidal area and, although 
less abundant, can continue into the subtidal habitat (Cox 
et  al. 2013; Abbott and Huisman 2004). P. sanctae-crucis 
has a thin, fan-shaped morphology, and its surface is lightly 
calcified.

Tidal selection and timing

Environmental and fluorescence measurements were col-
lected, at sites, on May 4–11, 2008, between 0700 and 
1530  hours during typical low tides for summer months 
and also during some of the lowest, low tides of the year 
(www.tidesandcurrents.noaa.gov) (Fig.  1; Table  1). Stress 
events could influence fitness, and thus, it was necessary to 
capture environmental conditions and responses to typical 
and more “extreme” low, low tides that occur every year.

Reef algal physiology and environmental measure-
ments were sampled at each site for 4  days (Diamond 
Head = May 4, 7, 8, 11; Kalaeloa = May 5, 6, 9, 10) for 
a total of eight consecutive days of sampling (Table  1). 
An effort was made to sample reef algae and the environ-
ment continuously before, during, and after the peak low 
tide. We took this continuous, sampling approach instead of 
measuring two conditions, submersed or emersed, in order 

http://www.tidesandcurrents.noaa.gov
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to account for changes in irradiance that may be unrelated 
to tides. When low tides occurred in early morning hours 
(on May 4 at 0834 and May 5 at 0907), the measurements 
were sampled near to low tide and sampling continued 
periodically until the shore was fully submersed.

Environmental variables

The environmental variables temperature, irradiance, wind 
speed, and aerial exposure duration were measured on 
the same days (May 4–11, 2008) at the two sites simul-
taneously with the collection of fluorescence measures 
(between 0700 and 1530 hours). One Hobo© Water Temp 
ProV2 temperature logger was placed in each region of 
the intertidal reef (near the high tide mark, mid-shore, 
and near the subtidal zone), and temperatures were logged 
every 60 s. Irradiances were measured with two, Li-Cor 4 
pi sensors and LI-1400 data loggers. One Li-Cor sensor 
was placed near the intertidal to measure irradiances in air. 
The second sensor was placed in a tidepool with ~12 cm of 
water above it. Irradiance was collected every second, and 
the integration recorded every 15 min by the data recorder. 
Landscape photographs were taken every 15  min from 
the same location to estimate aerial exposure for different 
areas of the shore. In these images, habitat near, mid, and 
far from the subtidal zone was visually assessed. For each 
15-min photograph, if water covered an area of habitat, it 
was considered submersed, and if water did not cover the 
habitat, it was considered exposed. From this serial image 
assessment, we could roughly estimate the aerial exposure 
duration by habitat. With the exception of irradiance, which 
is inherently linked to energy harvesting, these measure-
ments were collected at the landscape scale and were used 
solely to describe the habitat. Therefore, habitat measure-
ments were not included in analyses as explanatory vari-
ables for photosynthesis.

Method used to measure photosynthetic activity

Padina sanctae-crucis was sampled with the pre-pro-
grammed rapid light curve routine in the diving-PAM 
(Walz Co) immediately after collection from the shore. 
It was not possible to use the portable PAM directly on 
attached individuals or to permanently attach the instru-
ment because of the rugged, slippery rock surfaces, and 
constant wave forces that occur in these habitats.

Upon arrival at each site, three to nine individuals of P. 
sanctae-crucis were collected in haphazard order at vary-
ing distances from the low tide line. Samples were imme-
diately placed into separate open containers. These contain-
ers were actually a series of shallow (3 cm deep) wells or 
depressions in white Styrofoam material. Containers were 
either (1) filled with seawater, collected with the alga, if 

the alga was submersed or (2) left dry but damp if the alga 
was emersed. Then, containers were brought to shore and 
fluorescence measurements taken in a haphazard order and 
within 30  min from collection. Samples were submersed 
in freshly collected seawater during the measurement of 
fluorescence (a RLC can be produced in ~3  min). While 
individual measurements were made, the remaining sam-
ples were maintained briefly in shaded areas to prevent dry-
ing or overheating. A pilot experiment (discussed in detail 
below) showed that this procedure had a limited handling 
effect on fluorescence measures. Then, new, fresh samples 
were collected, and the protocol repeated until the shore 
was submersed for at least 1 h.

This protocol resulted in 3–9 different individual thalli 
being measured every 30–45 min from 0700 to 1530 hours 
on 8  days during periods with positive and negative tidal 
heights. The resulting dataset consisted of 357 fluores-
cence measures. We compared 156 measures collected on 
positive tidal heights to 201 measures collected on negative 
tidal heights.

Rapid light response curves (RLCs)

The RLC routine in the diving-PAM was used to deter-
mine the photosynthetic activity of light-adapted reef alga 
(White and Critchley 1999; Ralph and Gademann 2005). 
The PAM was equipped with a red light-emitting diode 
and an internal halogen lamp to provide actinic light. Algal 
samples were placed one layer thick into the dark leaf clip 
attached to the dark adapter (both accessories of Walz 
diving-PAM), which held the fiber optic cable at a 90° to 
the sample and maintained a distance of 3  mm from the 
algal surface. The PAM settings (measuring intensity = 3, 
gain  =  2, damp  =  2) were adjusted to optimize signal 
(~400 U) and dampen background noise. Eight increasing 
irradiances were delivered to the alga over 90 s. Irradiances 
ranged between 0 and 1625  µmol photon m−2  s−1 at the 
light curve intensity setting of 4. After sampling, irradiance 
values were adjusted for battery decline using the stand-
ard function in the WinControl software. Thus, irradiance 
ranges for each increasing step were as follows: 0, 36–86, 
58–133, 80–192, 122–288, 170–426, 273–681, 421–1042, 
652–1625  µmol photon m−2  s−1. The PAR readings were 
measured with the microfiber quantum sensor of the div-
ing-PAM that was calibrated to a Li-Cor quantum sensor 
for measurement in water. The actinic light was applied for 
10 s followed by a saturating pulse (0.8 s) to compare the 
minimum (F) and maximum quantum yield (F ′

m). These 
values were then used to calculate the effective quantum 
yield (ΦPSII) as the indication of the amount of energy used 
in the photochemistry of PSII (Genty et al. 1989).

ΦPSII = �F/F
′

m =
(

F
′

m−F
)

/F
′

m
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From ΦPSII, an approximation of the rate of electrons 
(rETR) pumped through the photosynthetic chain (Beer 
et al. 2001) was calculated using the following equation:

where the factor 0.5 accounts for the assumption that half 
the photon energy absorbed by photosynthetic pigments 
was diverted into photosystem II. The actual factor is not 
known; however, 0.5 value is commonly used in the lit-
erature for a variety of marine and terrestrial plants (see 
Walz Manual for the diving-PAM, Genty et  al. 1989; 
White and Critchley 1999; Beer and Bjork 2000; Maxwell 
and Johnson 2000; Ihnken et al. 2010) and was a constant 
value in calculations. AF  =  0.75 is the fraction of inci-
dent light that is absorbed by P. sanctae-crucis. We deter-
mined AF following the methods described in Beer and 
Bjork (2000) on a low tide on June 11, 2010. Measure-
ments were conducted for four individuals and averaged 
(0.75 ± SE 0.08). The same AF value of 0.75 for P. sanc-
tae-crucis was found using in vivo absorbance method by 
Beach et al. (2006).

Although the intensity range of actinic light steps var-
ied among samples with battery decline, rETR values plot-
ted against irradiance had points within the initial slope, 
ramped to an asymptote, and leveled off at higher irradi-
ances. Curves were fitted (R > 98 %, p < 0.001) with the 
exponential model proposed by Platt et al. (1980) using the 
following Levenberg–Marquardt regression algorithm:

where Ps is a scaling parameter defined as the maximum 
potential rETR; α is the photosynthetic efficiency meas-
ured by the initial slope of the RLC before the onset of sat-
uration; E is the photon flux density; β is the negative slope 
of the RLC for high irradiances. In the absence of dynamic 
photo-inhibition (β = 0), the function becomes a standard 
rectangular hyperbola, with an asymptotic maximum rETR 
value (Harrison and Platt 1986), and the equation loses 
exp(−βE/Ps). rETRmax (relative electron transport maxi-
mum) and Ek (minimum saturation irradiance) were esti-
mated using the following equations:

The light-adapted effective quantum yield (ΦPSII) was 
taken from the first measure of the RLC when irradiance 
was 0 µmol photon m−2 s−1, prior to the increasing inten-
sity of the actinic light steps.

RLCs, as a measure of light harvesting ability, reflect 
the short-term history of plants to environmental condi-
tions, influenced by long-term conditioning (Ralph and 
Gademann 2005). For this reason, there is a concern that 

rETR = ΦPSII × PAR × 0.5 × AF

P = Ps

[

1 − exp (−αE/Ps)
]

exp (−βE/Ps)

rETRmax = Ps[α/(α + β)][β/(α + β)]β/α

Ek = rETRmax/α

our sampling protocol which removed plants from their 
habitat and maintained them for 15–30  min before meas-
urements may have altered the short-term environmental 
conditions and biased results. However, we took great care 
to collect our data in the best manner possible, and we took 
several steps to investigate the quality and accuracy of the 
data. First, we tried to limit the amount of time between 
collection and fluorescence measures. All samples were 
measured within approximately 30  min, and most were 
taken within 15 min from time of collection. Secondly, we 
tried to mimic conditions and limit the introduction of new 
stresses (extreme temperatures and irradiance) on the shore 
during the holding period. Furthermore, all samples were 
handled similarly, and thus, any directional bias should be 
consistent across samples. Also, analyses from the same 
sampling interval found that the first RLC produced had 
similar parameters to the last RLC produced, suggesting 
that values did not change substantially over the 15- to 
30-min time period. Lastly, we conducted a pilot experi-
ment where values of fluorescence were measured initially, 
plants held as described, and then, fluorescence measured 
again every 10 min for a 40-min time interval. Light curve 
parameters did not significantly change from initial values 
with the exception of one variable (the minimum saturation 
irradiance Ek) (Online Resource 1). This variable initially 
decreased over the first 10 min, in direct opposition to our 
findings.

Statistical analyses of photosynthetic activity

Environmental variables were either summarized by site 
(temperature, aerial exposure, wind speed, and irradiance), 
shore location (temperature and aerial exposure), and in 
air, water, or both (irradiance). Prior to computation, tem-
perature and irradiance were smoothed with a polynomial 
regression and weights computed from a Gaussian density 
function.

An analysis of covariance (ANCOVA) was used to test 
whether low tides impacted fluorescence while accounting 
for changes in irradiance. Measures by site were pooled 
into one data set and transformed (exponentiate log10 or 
rank) when necessary to meet ANCOVA requirements of 
equal variance and normality. For each model, homogene-
ity of slopes was also tested.

Variables used in the ANCOVA models include: (1) 
tidal state and (2) irradiance as a co-variable and (3) inter-
action of tidal state and irradiance. Tidal state was used 
to specifically test whether tides impacted plant physiol-
ogy. This term was used because a low tide can be defined 
as the duration of the day when the tidal height is nega-
tive, and this is a measurement for when water level drops 
below mean sea level. Thus, in the analyses, photosynthetic 
parameters of algae measured during positive tidal height 
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intervals (n  =  156) were coded as 1 and measurements 
from negative tidal height intervals (n = 201) were coded 
as 2. The irradiance which was logged every 15 min was 
averaged by hour. Then, the hourly irradiance that corre-
sponded in time with the sampling interval for photosyn-
thetic measures was used in analyses. For these measures, 
we used irradiance measured in air when the algae were 
emersed and we used the irradiance measured in water to 
correspond to the intervals when algae were submersed. 
With this approach, each ΦPSII, α, Ek, rETRmax, and β value 
for each P. sanctae-crucis individual had a corresponding 
and integrated irradiance measure. Due to sensor failure or 
loss (losses occurred on May 4 and 11), algal performance 
measures with missing irradiance were excluded from anal-
yses. This approach resulted in 357 photosynthetic-irradi-
ance measures over 8 days (117 measures from Diamond 
Head and 240 measures from Kalaeloa).

Heterogeneity of slopes, a violation of ANCOVA 
assumptions, was found for the response variable rETRmax. 
Thus, values were grouped by defined irradiances (700–
1199 and 1200–1700  μmol photon m−2  s−1), and differ-
ences between tidal states at two irradiances were tested 
using a two-way ANOVA. Data from irradiances below 700 
and above 1700   μmol photon m−2 s−1  did not occur for 
both positive and negative tidal heights and thus were not 
included in the analysis. An interaction of irradiance and 
tidal state was included in the model.

Investigations into the effect of aerial exposure

Relative water content of Padina with tides

To examine the effect of low tide on RWC, the RWC of P. 
sanctae-crucis was measured on June 22–25, 2009, at 0800, 
1100, and 1400 hours at Diamond Head using the methods 
of Smith and Berry (1986). These sampling times occurred 
before, during, and after exposure from low tides. The 
mean low, low water ranged from −0.03 to −0.15 m and 
occurred from 0841 to 1115 hours. For each sampling, six 
to seven individuals were collected far and near the subtidal 
habitat and the fresh weight obtained. Samples were placed 
overnight in seawater-filled containers and allowed to rehy-
drate. The difference between fresh and rehydrated wet 
weight was standardized to dry weight [RWC  =  (fresh 
weight −  dry weight)/(hydrated weight −  dry weight)] * 
100) and reported.

For each day, a two-way ANOVA was used to deter-
mine whether RWC of P. sanctae-crucis varied with sam-
pling interval and position on shore (far or near the subtidal 
zone). An interaction of sampling interval and shore loca-
tion was tested. Prior to analyses, data were also screened 
for homogeneity of variance and normality. Tukey’s mul-
tiple comparison tests were used to determine differences 

among groups after statistically significant main effects 
were observed.

Experimental manipulation to test exposure response

On June 11, 2010, an experiment was conducted to exam-
ine the response of P. sanctae-crucis to aerial exposure. 
Because exposure could potentially be experienced differ-
ently for isolated versus tightly clustered populations, 12 
individuals and 12, 7 cm aggregations of three or more indi-
viduals of P. sanctae-crucis were collected at 0830 hours. 
Aggregations of P. sanctae-crucis were connected via hold-
fasts and possessed the Vaughniella stage growing loosely 
around the bases. Samples were divided into six control 
“isolated” and “aggregated” samples and six experimental 
“isolated” and “aggregated” samples, placed into 24 sepa-
rate shallow containers of water (5 cm depth) and covered 
with a shade cloth. Samples were exposed to natural out-
door temperatures and irradiances, which ranged from 26.7 
to 29.0 °C and reached 250 µmol photon m−2 s−1 under the 
shade cloth, respectively.

Prior to exposure, initial RLC measurements were col-
lected with the PAM from six experimental and control 
samples. Experimental samples were then placed into an 
empty container and exposed to air for 40 min, about the 
length of time or shorter than would occur during a −0.1 m 
low tide. After 40 min, experimental samples were placed 
back into the seawater-filled containers for 10 min to gauge 
whether they could quickly recover to rates measured 
before any exposure. Fluorescence measurements were col-
lected from experimental and control samples at 10- and 
40-min intervals of exposure and after 10-min recovery 
period. All fluorescence measurements were taken in water. 
Then, the light curve parameters were derived from fluores-
cence measurements as described earlier.

The initial measurements and exposure to air were hap-
hazardly staggered in time so that two aggregated and one 
isolated or two isolated and one aggregated experimen-
tal and control samples were conducted within the same 
10-min period using two PAM fluorometers, until all 24 
samples had been measured over ~3 h. Control and experi-
mental samples were sampled simultaneously, and fresh 
seawater was periodically (~every 5–10 min) added to sub-
mersed samples to maintain ample ambient levels of carbon 
and nutrients and to maintain ambient temperatures.

For each RLC parameter, a repeated-measures two-way 
ANOVA (sampling interval nested within treatment) was used 
to determine whether performance changed for experimental 
isolated or aggregated samples of P. sanctae-crucis after 10- 
and 40-min durations of air exposure. We further evaluated 
whether RLC parameters were able to recover to initial and 
control values upon submersion. After each RM-ANOVA, 
a Tukey’s multiple comparison test was used to determine 
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differences among groups after statistically significant main 
effects were observed. Prior to analyses, data were screened 
for normality and homogeneity of variance and transformed 
(exponential, log10, or rank) when necessary.

Results

Environmental variables

The environmental conditions during the sampling period 
were typical for tropical shores (Table 1, Online Resource 
#2). The mean irradiance during the sampling period was 
1415  µmol photon m−2  s−1 in air and 1351  µmol photon 
m−2 s−1 in water and ranged from 237 to 2000 µmol photon 
m−2 s−1 from early morning to late afternoon. Irradiances 
varied with lowered irradiance in the hours of 0700 and 
1500 and higher irradiance at 1200–1400 (Online Resource 
2). The mean difference in irradiance between air and 
water was minimal, a median difference of 10 µmol photon 
m−2 s−1. However, irradiance between air and water meas-
urements differed as much as 868 µmol photon m−2 s−1 at 
one sampling hour. The average temperature in the inter-
tidal zone was 25.9  °C and ranged from 20.4 to 32.3  °C 
(Online Resource #2). Exposure to air occurred from 0–6 h 
depending on low tide magnitude and also differed across 
regions of the shore.

Physiological response with tides

The ΦPSII for P. sanctae-crucis ranged from 0.200 to 0.759 
with an overall mean of 0.594 ± SE 0.006. The rank ΦPSII 
values were negatively (−0.119) related to increasing irra-
diances (Fig.  2, Panel a, ANCOVA, df  =  1, F  =  130.8, 
p  <  0.001, Online Resource 3). In addition, the ΦPSII for 
P. sanctae-crucis were significantly higher in samples 
that were measured on a positive tidal height (ANCOVA, 
df  =  1, F  =  54.8, p  <  0.001) when compared to those 
measured during the negative tidal height. The ANCOVA 
adjusted ΦPSII mean for P. sanctae-crucis measured on a 
positive tidal height was 0.650, while the adjusted mean 
measured on a negative tidal height was 0.594.

Alpha was negatively related to irradiance (ANCOVA, 
df = 1, F = 79.7, p < 0.001) and did not differ with tidal 
state (Fig. 2, Panel b, ANCOVA, df = 1, F = 0.6, p = 0.43, 
Online Resource #3). The mean α was 0.239 ± SE 0.003 
with a minimum of 0.057 and maximum of 0.383.

The Ek of P. sanctae-crucis differed significantly with 
tidal conditions and irradiance (Fig.  2, Panel c, Online 
Resource #3). The mean Ek of 149.9 ± SE 3.5 μmol photon 
m−2  s−1 (range 36.0 to 458.5 μmol photon m−2  s−1) was 
well below the maximum daily irradiance (950–2000 μmol 
photon m−2 s−1). For each day, the measured irradiance was 

above the mean Ek by 8 h and was still well above the mini-
mum saturation when sampling ended at 1200–1530 h. The 
Ek of algae increased with increasing irradiance (ANCOVA, 
df = 1, F = 48.4, p < 0.001) and was higher for individu-
als measured during negative tidal heights (Fig. 2, Panel c, 
ANCOVA, df = 1, F = 28.4, p = 0.003) when aerial expo-
sure would be more common. The ANCOVA adjusted Ek 
mean for algae during negative tidal heights (back trans-
formed) was 146.6  ±  SE 1.0 compared to 118.6  ±  SE 
1.0 μmol photon m−2 s−1 for positive tidal heights.

The dynamic photo-inhibition parameter (β, the nega-
tive slope of the curve at high irradiances) of algae did not 
differ with irradiance or tidal state (Fig. 2, Panel d, Online 
Resource #3). Algal photo-inhibition varied from 0 to 22, 
but the median was 0.030 (n  =  357). No patterns were 
detected visually or statistically.

The overall mean rETRmax for P. sanctae-crucis was 
33.3  ±  SE 0.56 μmol  electrons m−2  s−1 (Fig.  2, Panels 
e, f). In contrast to the increasing Ek, the rETRmax of P. 
sanctae-crucis was significantly higher at lower irradiances 
(700–1199  μmol photon  m−2  s−1) than irradiances that 
ranged from 1200 to 1700 μmol photon m−2  s−1 (Fig.  2, 
Panel f, two-way ANOVA, df =  1, F =  7.9, p =  0.005). 
However, for each of these irradiance categories, P. sanc-
tae-crucis had a significantly higher rETRmax during 
the negative tidal heights (means of 38.8  ±  SE 1.4 and 
32.4 ± SE 1.1 μmol electrons m−2 s−1) than during posi-
tive tidal heights (means of 30.9 ± SE 2.3 and 27.9 ± SE 
1.5  μmol electrons  m−2  s−1, two-way ANOVA, df  =  1, 
F = 13.8, p < 0.001, Online Resource #3).

Investigations into the effect of exposure

Relative water content of Padina with tides

The RWC of P. sanctae-crucis sampled repeatedly over a 
4-day interval with low tides ranged from 65 to 120 %. Val-
ues >100 % are due to the error in wet weight measures for 
this thin lightweight species. Even though the magnitude 
of low tide varied by day, the water content of P. sanctae-
crucis at Diamond Head changed little among the 0800, 
1100, 1400 h with varying tidal heights on days 2, 3, and 
4 (Fig. 3). On the day with the lowest low tide (−0.15 m, 
day 1), P. sanctae-crucis sampled from the zone near the 
subtidal habitat, where the slope is slightly higher with 
more aerial exposure, had lost significantly more water dur-
ing a negative tidal height than individuals sampled further 
up the shore (two-way ANOVA, position, df = 1, F = 15.9, 
p < 0.001). These individuals located closer to the subtidal 
habitat continued to have significantly lower water content 
at the 1400-h sampling when the shore was submersed. For 
this day, the 14-h sampling interval was 5 h after the lowest 
tidal height of the day.
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Experimental manipulation to test exposure response

In an outdoor laboratory, aerial exposure for 10 and 
40  min impacted several measured RLC parameters. For 

example, the ΦPSII and α for P. sanctae-crucis were nega-
tively impacted by exposure to air, and effects were differ-
ent for isolated versus aggregated individuals as indicated 
by significant main effects in statistical testing (Fig. 4a, b;  

+ Tidal Height
-  Tidal Height 

26

28

30

32

34

36

38

40

42

Irradiance ( mol photon  m−2 s−1 )

b 

0 500 1000 1500 2000 2500
0

10

20

30

40

50

60

70
a 

b 
a 

*

R
an

k 
B

et
a 

0.0

0.1

0.2

0.3

0.4

0.5

1.4

1.6

1.8

2.0

2.2

2.4

2.6

2.8

0 500 1000 1500 2000 2500
0

100

200

300

400

700-1199 1200-1700 

0

100

200

300

400

R
an

k 
ef

fe
ct

iv
e 

q
u

an
tu

m
 y

ie
ld

 
L

o
g

 E
k

*

r
E

T
R

m
ax

r
E

T
R

m
ax

A
lp

h
a 

 

(a) (b) 

(c) (d)

(e) (f)

Fig. 2   a–f The fluorescence measures for P. sanctae-crucis plotted 
with irradiance as measured on positive (gray circles or bars) and 
negative (black circles or bars) tidal heights. In a–d the solid lines 
represent the results of an ANCOVA model. The values of ΦPSII (a) 
and α (b) decreased with increasing irradiance. However, ΦPSII dif-
fered with tidal state (negative tidal height = black line, positive tidal 
height =  gray line) and α did not (black line for both tidal states). 
Log Ek c increased with increasing irradiance, and algae had higher 
log Ek on negative tidal heights. The dynamic photo-inhibition term 

(β d) was not found to differ with irradiance nor tidal state. e, f The 
maximum relative electron transport rate (rETRmax) for P. sanctae-
crucis at negative and positive tidal heights plotted by irradiance. 
Because of the heterogeneity of slopes, the mean (SE) rETRmax for 
algae are summarized by two irradiance levels: 700–1199, 1200–
1700 (f) and a two-way ANOVA used. *above bars represent the dif-
ferences (p < 0.05) found between irradiance categories, while lower 
case letters represent statistical differences between tidal states
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ΦPSII: treatment, df  =  3, F  =  4.08, p  =  0.02, sampling 
interval, df = 3, F = 7.14, p < 0.001, treatment x sampling 
interval, df = 9, F = 3.37, p = 0.001; α: treatment, df = 3, 
F  =  4.2, p  =  0.02, sampling interval, df  =  3, F  =  2.9, 
p = 0.04, treatment x sampling interval, df = 9, F = 2.8, 
p = 0.007, Online Resource #4). After 40 min of exposure 
to air, isolated and aggregated algal samples had lowered 

values, but submersed (control) algae maintained initial 
rates (Fig. 4a, b). Furthermore, aggregated thalli were able 
to recover to initial status with submersion, but isolated 
thalli did not recover in the experimental time frame. Post 
hoc Tukey’s pairwise comparisons between sampling inter-
vals (initial, 10, 40 min, and recovery) within each treat-
ment confirm this observed pattern.

The rETRmax values of algae maintained in isolated 
and aggregated treatments were also negatively impacted 
by exposure to air (Fig.  4c; treatment, df  =  3, F  =  8.1, 
p < 0.001, sampling interval, df = 3, F = 6.8, p < 0.001, 
Online Resource #4). The reduction in rETRmax with expo-
sure to air was dramatic at the 40-min interval for both 
isolated and aggregated Padina. The rETRmax for algae in 
the aggregated treatment were able to increase their rates 
upon re-submersion in water, while the rates continued 
to decrease for isolated algae. Despite the slight signs of 
recovery in the aggregated treatment, rates were still much 
reduced in contrast to samples not exposed to air.

The β varied in an unpredictable manner and was not 
statistically found to be impacted by exposure duration 
(Fig.  4d, Online Resource #4). Similarly, Ek values of 
algae did not vary with exposure to air, nor did values dif-
fer among algae maintained in isolated or aggregated con-
ditions (Fig.  4e, Online Resource #4). The nonsignificant 
p value for treatment in the two-way RM-ANOVA model 
indicated a lack of exposure effect. Yet, statistically sig-
nificant differences were detected by the model for sam-
pling interval (df = 3, F = 5.4, p = 0.002) and an interac-
tion of sampling interval with treatment (df = 9, F = 2.5, 
p = 0.02). The isolated algae in the control treatment had Ek 
values at the initial sampling interval that were highly vari-
able and statistically more elevated than the similar Ek that 
occurred for algae at the 10- and 40-min recovery intervals.

Discussion

Our results confirm that a common Hawaiian alga grow-
ing on a relatively flat shore can experience up to 6  h of 
aerial exposure on days with daily fluctuations in tropical 
irradiance and temperature. Our in situ survey of fluores-
cence shows that photo-physiology of P. sanctae-crucis 
is not only acclimated to this high light environment, but 
it is also dynamic. The RLCs varied with diurnal changes 
in irradiance and more quickly with tidal state. Together, 
measures of water content and the manipulative labora-
tory experiment suggest that aggregations of P. sanctae-
crucis combined with micro-tidal fluctuations and constant 
water motion may help to avoid water loss that could cause 
severe reductions in ΦPSII, α, and rETRmax. It is clear from 
this research that high irradiance in intertidal zones can 
cause stress in the form of inhibition, and this factor may 
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be relatively more important to limiting photosynthesis 
for algae in tropical intertidal zones. Further testing with a 
variety of techniques to gauge photosynthesis and respira-
tion (not just PSII) and environmental measurements, at the 
scale of the individual, is needed.

As expected, for P. sanctae-crucis, there is a relation-
ship with the photo-physiology and irradiance. Species have 

various abilities to adjust photosynthetic characteristics to 
optimize performance in different light environments (Board-
man 1977). P. sanctae-crucis exhibits RLC parameters that 
typify sun-adapted species from shallow waters, with rela-
tively high Ek (149.9 ± SE 3.5 μmol photon m−2 s−1) and 
rETRmax (33.3 ± SE 0.562 μmol electrons  m−2 s−1). This 
is within range (Ek 131.8–659.7 μmol m−2 s−1 and rETRmax 
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way ANOVA found significances). Note pairwise differences when 
interactions of the main effects were significant are not shown (see 
Online Resource #4). Solid bars represent groups that did not differ 
statistically among the sampling intervals
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12.9–112.2  μmol  electrons  m−2  s−1) recorded for Hawai-
ian shallow water macroalgae (summarized in Cox, 2011). 
P. sanctae-crucis also exhibited effective quantum yield in 
the morning hours that is common for brown algae (~0.75, 
Büchel & Wilhelm 1993; Dring et  al. 1996; Gévaert et  al. 
2003).

In addition, P. sanctae-crucis RLC parameters exhibit 
daily adjustments to irradiance. ΦPSII is effectively a rela-
tive measure of the number of reaction centers actively 
involved in photosynthesis, while the α represents an esti-
mate of the amount of photosynthesis per incident photon 
(Henley 1999; Ralph and Gademann 2005). At low irra-
diance, P. sanctae-crucis had more elevated ΦPSII and α 
values that decreased with increasing irradiances. An irra-
diance-driven pattern was also documented in situ for shal-
low water Laminaria and periphyton community (Gévaert 
et al. 2003; Laviale et al. 2009; Delebecq et al. 2011). The 
correlation with irradiance levels can be explained by diur-
nal patterns of photosynthesis and light availability (Henley 
1999). In the morning, after a long period of darkness, pho-
tosynthesis is light-limited and reaction centers are avail-
able for light harvesting. This is when PSII is very active 
in the transfer of energy for utilization by photosynthesis. 
Then, as irradiance levels increase, the macroalgae should 
become less light-limited and non-photochemical quench-
ing is likely to increase.

Irradiance in shallow tropical waters is typically thought 
of as a stressor and not a limiting factor, and thus, it was 
predicted that exposure to tropical irradiances could be 
stressful (Beach and Smith, 1996a). For all 8 days of meas-
urement by ~8  h, irradiances were above the minimum 
saturation irradiance (Ek) and irradiances remained well 
above the minimum saturation when sampling ended at 
12–1530 hours. Furthermore, rETRmax was reduced at irra-
diances above >1200  μmol  m−2  s−1. The correlative and 
decreasing relationship between irradiance and ΦPSII, com-
bined with the reduced rETRmax at high irradiances, indi-
cates a downregulation of PSII. When light energy input 
exceeds the capacity for energy utilization, this results in 
thermal dissipation of excess excitation energy in the pig-
ment antenna of PSII (referred to as dynamic photo-inhibi-
tion) (Henley 1999; Ralph and Gademann 2005). This reg-
ulatory process limits the accumulation of reactive oxygen 
species acting to protect the algae against photooxidative 
damage (chronic photo-inhibition) (Henley 1999; Ralph 
and Gademann 2005). With our methodology, we are una-
ble to measure the recovery of ΦPSII to determine whether 
this downregulation was dynamic or chronic. However, the 
β parameter can indicate a plant’s dynamic ability to cope 
with light stress (Ralph and Gademann 2005). In our in situ 
assessments, β did not differ with light intensity. Because 
we had to correct RLC actinic irradiance for battery 
decline, the algal samples did not always receive the same 

upper intensity actinic light range. Thus, β results could be 
influenced by our methodology and may not be a reliable 
indicator of algal abilities.

The fluorescence-based values from reef algae on 
Hawaiian shores may not support the traditional temper-
ate paradigm that macroalgae experience stress and lower 
photosynthesis during low tides (Davison and Pearson 
1996). Even for the hardiest intertidal genera, Fucus, field 
measurements from 14 shores in Washington had net pho-
tosynthesis two orders of magnitude lower when exposed 
to air during low tides (Williams and Dethier 2005). The 
results for the effect on photosynthesis, as measured in this 
study, for P. sanctae-crucis were mixed. P. sanctae-crucis 
had lowered ΦPSII during negative tidal heights indicating 
a smaller number of reaction centers actively engaged in 
photosynthesis. However, rETRmax was relatively higher 
during tides of negative tidal height when exposure is more 
common. In this situation, oxygen measures which inte-
grate carbon fixation and respiration would be beneficial 
along with the fluorescence measures to clarify the impact 
on photosynthesis.

If macroalgae experience greater light availability dur-
ing negative tidal heights and possess a photo-protective 
mechanism, this could allow for increased or maintained 
photosynthetic electron transport rate despite the reduced 
photochemical activity (Gévaert et al. 2003). Light attenu-
ates with water depth. Given that during negative tidal 
heights, water depth is lower, aerial exposure is more com-
mon, and light availability should be greater for intertidal 
algae during low tides. Our simultaneously collected irradi-
ance measures in air and water show that even in this high 
light environment with relatively clear water irradiances 
in general tended to be slightly more elevated in air than 
in water. Excess light availability would result in reduced 
ΦPSII via an increase in non-photochemical quenching. Fur-
thermore, elevated irradiances correlated to increased Ek 
and rETRmax for all algae. Other algae are known to have 
photo-protective mechanisms, such as the xanthophyll 
cycle that increase the amount of energy dissipated as heat 
to prevent damage to PSII (Demmig-Adams and Adams 
1996; Hanelt et al. 1993; Gavert et al. 2003). PSII activity is 
also influenced by recent previous light history (Ralph and 
Gademann 2005). In this context, it is interesting to note 
that even at low irradiances that typify morning hours, the 
ΦPSII of plants measured during negative tidal height were 
lower than those measured during a positive tidal height. 
Macroalgae may be experiencing chronic photo-inhibition 
during negative tidal heights that translates to a reduced 
number of reaction centers actively involved in photosyn-
thesis into the next day. Here, previous light history effects 
can also explain the apparent disaccord between our inter-
pretation that greater light availability can attribute to the 
observed differences in photo-physiology and the outcomes 
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of the ANCOVAs. The ANCOVAs compare rates at the 
same given irradiance and do not factor in previous light 
exposure.

Another possibility that could increase the rETRmax 
and Ek is temperature changes. As the tide retreats from 
the shore, the buffering capacity of water is removed. 
Exposed plants may be heated differently. Temperature is 
known to vary over fine spatial scales on shores (Cox and 
Smith 2011; Helmuth and Hoffmann 2001), under cano-
pies of algae (Molina-Montenegro et  al. 2005), and even 
from holdfast to canopy within a species (Beach and Smith 
1997). Temperature was not measured at the scale of the 
algae in this study, but it is known to alter enzymatic pro-
cesses. Thus, temperature changes can alter photosynthetic 
rates and directly impact the function of photo-protective 
mechanisms (Henley 1999; Colvard et  al. 2014). Most 
plants increase photosynthesis with increasing temperature 
until an optimum is reached. Temperature above the opti-
mum causes rates to decline. We speculate that thallus tem-
perature could increase with reduced water depth from the 
tidal ebb and flow and thus account for increased rETRmax 
and Ek during low tide exposure. Hot temperatures (above 
optimum) are also likely to act together with high light 
stress to cause a decline in rETRmax.

Aerial exposure can cause cells to dry and decrease pho-
tosynthetic activity. However, there is some evidence that 
intertidal species which remain hydrated could absorb car-
bon into a wetted cell wall, if not fix carbon via photosyn-
thesis in air. Select temperate intertidal species increased 
photosynthesis 6x in air when compared to submersed indi-
viduals when measured via gas exchange in a laboratory; 
this may be a case where carbon is absorbed into the cell 
wall, but there was no isotopic labeling to confirm fixation 
(Johnson et  al. 1974). Additionally, rapid air–water CO2 
diffusion, as compared to slow diffusion in seawater, is 
hypothesized to result in an immediate increase in photo-
synthesis in air (Silva et al. 2005). Gao et al. (1999) found 
increases in photosynthesis for macroalgae after a certain 
extent of dehydration when the diffusion boundary layer 
of water around the thallus reduces enough that aerial CO2 
update becomes easier. Indeed, P. sanctae-crucis had rela-
tively increased electron transport rates during negative 
tidal heights, and measures of RWC showed that macroal-
gae in natural settings remained wetted. In the laboratory, 
macroalgae exposed to air for 40 min (much shorter than 
the aerial exposure duration in natural settings) had low-
ered ΦPSII, α, and rETRmax. This leads us to conclude that 
the removal of water and exposure to carbon in air was 
not beneficial for photosynthesis. An alternate hypothesis 
could be that the re-wetting action of the waves maintained 
higher RWC in situ than what occurred after 40 min in air 
in the laboratory. RWC and photosynthesis was not meas-
ured concurrently to confirm the relationship.

Padina sanctae-crucis in Hawaii did not experience 
substantial water loss during emersion. The RWC of P. 
sanctae-crucis measured over three different tides at three 
different times of day showed little variation on moderate 
low tides (>−0.12 m). In comparison, temperate species 
in the green algal genus Ulva are known to dry 3x faster 
at noon than at other sampling intervals (Beer and Eshel 
1983). RWCs in algae studied here were fairly high and 
ranged from 65 to 120 %, and mean values ranged from 
81 to 99  %. RWC during negative tidal heights ranged 
from 65 to 120  %. Values higher than 100  % occurred 
when the 24-h hydrated weight was lower than the fresh 
weight. This indicates to us that there was not much water 
loss for algae in situ, and differences were small and sub-
ject to weight errors. Despite the slight inflation, using the 
same methodology, the Hawaiian red alga A. concinna 
isolated on basaltic shores had substantially lower RWC 
[canopy: mean 66  %, lowest 18  %, understory: mean 
76  %, lowest 36  % (Beach and Smith 1997)]. Further-
more, Porphyra desiccates to 15  % RWC in 3  h (Smith 
and Berry 1986). This is also a value substantially lower 
than those recorded in this study. Fucus was measured 
to have a water content from 40 to 100 % (Williams and 
Dethier 2005). This could be explained by exposure dura-
tion and/or morphology. Fucus typically experiences 
much longer tidal exposure than intertidal seaweeds in 
Hawaii where microtides result in a maximum exposure 
of 6  h. Also, these intertidal benches are relatively flat, 
and waves often push water upon the shore and over the 
narrow bench. This constant re-wetting action may allow 
algae to retain water. Padina, Ulva, and Porphyra are rela-
tively thin species. The calcium carbonate impregnating 
the blade surface of P. sanctae-crucis could reflect exces-
sive irradiances (Beach et  al. 2006) and lower thermal 
heating (Cox and Smith 2011) which could limit water 
loss.

Aggregations of seaweeds are known to reduce desic-
cation stress (Hay 1981; Bell 1992; Bertness et  al. 1999; 
Molina-Montenegro et al. 2005), and we clearly show that 
P. sanctae-crucis growing in aggregations had a differ-
ent response to aerial exposure than isolated individuals. 
Aggregations of loosely woven P. sanctae-crucis blades 
with the Vaughniella stage at their bases may allow this 
species to retain water and thus avoid desiccation. We cau-
tion that we have only indirectly evaluated potential des-
iccation stress with measurements of RWC and exposure 
duration. However, the fact that in the laboratory, (1) algae 
had reduced ΦPSII, rETRmax, and Ek within 40 min of expo-
sure to air and aggregated individuals had a different recov-
ery response than isolated individuals, and (2) P. sanctae-
crucis maintained relatively high RWC which provides 
evidence that algae are able to avoid severe desiccation 
stress in their natural settings.
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One of the main limits to our study is the sole reliance 
on fluorescence technology to gauge photosynthesis. The 
advantage of fluorescence measures over other techniques 
is that it can rapidly provide information about photosyn-
thesis and be deployed in situ. However, fluorescence does 
not provide information about the rates of the carbon fixa-
tion and respiration. There is extensive literature discuss-
ing the advantages and disadvantages of different photo-
synthetic methodologies (Longstaff et  al. 2002; Beer and 
Axelsson 2004). One of the greatest difficulties for fluores-
cence methods is to relate values to carbon gain, particu-
larly when used in high light environments (Henley et  al. 
1991). At least, for P. sanctae-crucis, laboratory measures 
of rETR correspond to oxygen measures of productivity at 
irradiances of 250 µmol photon   m−2 s−1 (Cox and Smith 
2011, dissertation). Despite any limitations, PAM fluo-
rometry enabled the collection of an extensive quantity of 
photosynthesis measures showing the rapid acclimation of 
plants to changing irradiance and tidal states.

Conclusions

This study evaluated the light-adapted fluorescence meas-
urements of 357 algal thalli in a “natural experiment” with 
changing irradiances, temperature, and tidal conditions. 
With our methods, it was possible to identify clear patterns 
in algal physiology. We determined that P. sanctae-crucis 
physiology is dynamic. It adjusts to daily changes in irra-
diance and tidal state. Furthermore, macroalgae appear 
to downregulate PSII, but have increased electron trans-
port rate during periods with negative tidal heights. This 
response suggests that they rely on a photo-protective mech-
anism for dissipation of excess energy, such as the xantho-
phyll cycle. Lastly, we identified that the habit of growing 
in aggregations limits any negative aspects of aerial expo-
sure on fluorescence. Furthermore, we expect species level 
differences in response to the changing environment. For 
example, A. concinna occurs higher and on basaltic shores 
where it may experience comparatively more water loss and 
thus respond differently with tidal ebb and flow (Beach and 
Smith, 1997). Because of the heterogeneity in habitat and 
species differences, it would be useful to repeat the study 
with multiple species while taking measures of the environ-
ment at the scale of the organism and not the habitat (as in 
this study). We suggest using a variety of photosynthetic 
measures. Measures at the individual scale that additionally 
include carbonate chemistry could increase our knowledge 
on the actual interaction of warming, pH fluctuations, and 
aerial exposure, at different irradiances on photosynthesis. 
From these results, it seems likely that high irradiances and 
associated warming temperatures are key factors that con-
trol production in tropical systems.
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