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Abstract
It is important to consider flow rate explicitly in coral growth and bleaching studies across multiple species with differ-
ing life histories to guide coral conservation, management and captive culture. We quantified growth rates and coral 
bleaching responses to thermal stress (approx. 18 DHW) in flow-through aquaria with various current velocities to test 
whether flow conditions alter experimental outcomes. Across natural flow rates (< 1 to over 50 cm/sec), Montipora capi-
tata, Pocillopora acuta, and Pocillopora meandrina showed increased growth and bleaching recovery at intermediate flow 
rates. Growth rates for all species increased from no flow to intermediate (50–100 turnovers-per-hour, ~ 10–30 cm/s), but 
then decreased at highest flow (> 190 tph, > 50 cm/s) although this trend was not significant for P. meandrina. The flow 
treatment with highest recovery from temperature stress differed across species, ranging from 4 tph in the flow-loving P. 
meandrina to 210 tph in the lagoonal M. capitata, indicating that natural flow regime alone is not predictive. Fragments 
from the same individual (e.g., P. acuta colony 8) held under identical thermal conditions continue bleaching and die 
under one flow regime (4 tph), whereas they recover from bleaching (30 tph) or grow fastest (105 tph) under different 
flow treatments. Flow is rarely reported in the literature, but uncontrolled flow effects may help to explain some of the 
variation in coral bleaching results reported across the literature. Significant differences among individual colonies, and 
colony-by-flow interactions, preclude generalizations beyond that flow rates can alter the outcome of both coral growth 
and bleaching experiments.
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1  Introduction

Coral reefs are one of the most diverse ecosystems on the planet and provide a wealth of ecosystem services that are 
negatively impacted by anthropogenic threats [1–3]. Rising sea surface temperatures (SST) are a substantial stressor to the 
coral-algal symbiosis that induces a breakdown in the mutualistic relationship between corals and their endosymbiotic 
dinoflagellates (Symbiodiniaceae) that can provide ~ 90% of the energy required by corals [4]. Loss of endosymbionts in 
the coral tissue reveals the skeleton underneath and results in paling of corals, a phenomenon termed coral bleaching 
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[5–7]. Coral bleaching reduces the translocation of nutrients to the coral animal, and can lead to mortality when bleach-
ing is severe or prolonged [8–10].

Coral bleaching due to thermal stress, leading to coral mortality and decline of reef habitat, has emerged as one of the 
greatest threats to coral reefs worldwide [3, 11, 12]. Coral bleaching events on global scales are a recent phenomenon 
attributed to anthropogenic climate change [13–15]. The frequency and severity of thermal stress has increased signifi-
cantly in recent decades with the 2014–2017 El Niño representing an unprecedented marine heat wave that resulted 
in the longest, most widespread and destructive global mass coral bleaching event ever recorded [14, 16]. Followed 
soon after by the 2023–2024 global heatwave which was particularly devastating in the Atlantic, with 99.7% of reefs 
experiencing bleaching and unprecedented widespread bleaching mortality of corals throughout the entire Atlantic 
Ocean basin [16]. The combined effect of anthropogenic impacts have led many to predict complete collapse of these 
iconic ecosystems by the end of this century [17–19]. As the situation becomes more dire, people have become increas-
ingly motivated to move beyond reporting the decline of coral reefs and pursue human interventions to conserve and 
actively restore coral reefs [20–24].

The continued decline of coral reefs despite global conservation efforts has juxtaposed the desire to conserve coral 
reefs in their natural form with the desire to maintain ecosystem services provided by reef habitats in the face of increas-
ing anthropogenic threats [21]. As a result, coral reef conservation efforts have transitioned from being focused on 
passive habitat protection to a surge of research and activities focused on active coral restoration and rehabilitation of 
degraded coral reefs [25–27]. Efforts to propagate corals for reef restoration and rehabilitation have evolved quickly from 
the early beginnings of live coral propagation to coral farming at scales required to outplant tens of thousands of coral 
fragments [28–32]. Likewise, while the cost of reef restoration remains high, considerable advances have been made 
in more cost-effective options for restoration activities [33]. Improvements to techniques to rear and transplant corals 
have made it feasible to minimize impacts on wild stocks while maximizing production [34], or incorporating thermally 
tolerant colonies that have a better chance of surviving increasingly frequent marine heatwaves [20, 35–37].

The importance of water flow to corals has long been recognized [38–40] and it is well-known that flow regime 
contributes to coral nutrient uptake, growth, and post-bleaching recovery [41–44]. Yet experimental flow conditions 
are not reported in > 95% of published coral bleaching studies to date [12, 45], and rarely considered explicitly in the 
design of coral husbandry or restoration projects [27, 46]. Increased flow improves diffusion of heat [47, 48] along with 
metabolites, oxidative radicals, and essential nutrients [43, 49–52] across the coral boundary layer. Increased diffusion 
reduces oxidative stress for respiration and improves photosynthesis and nitrogen fixation [43, 49–53]. Increased flow 
also enhances calcification rates for growth [48, 49, 52, 53] and in some cases encourages zooxanthellae re-recruitment 
following bleaching [50, 51]. Flow can also modify colony morphology, surface area, polyp density, and probability of 
detachment or breakage in the field, all of which can have impacts on coral growth or survivorship among environments, 
and ultimately the success of coral restoration efforts [41, 54–56].

To address this gap in understanding the ideal water flow under which to maintain nursery corals for restoration 
activities, we undertook experiments to assess the effects of flow on coral growth, survival, and post-bleaching recovery 
rates. By following coral fragments maintained in a controlled flow-through aquarium setting, we address three primary 
hypotheses: (1) flow rates will significantly alter coral growth rates in aquaria, (2) coral species and individuals within spe-
cies will react differently to the same flow conditions, and (3) unreported differences in flow can influence the outcome of 
laboratory coral growth and bleaching experiments. The results of our study will help inform environmental conditions 
for future coral bleaching studies and are especially relevant to coral farming and reef restoration activities in Hawaiʻi as 
temperatures continue to increase and marine heat waves become more common.

2 � Materials and methods

2.1 � Definitions of flow

Here we include a variety of measurements of water movement that are easily confused if not clearly defined. For the 
purposes of this paper, we used the terms water exchange, turnover, and flow rate as defined here. Water exchange meas-
ures the time taken for incoming raw seawater to completely refill the aquariums in which corals are maintained. This is 
the rate at which the holding tank volume is replaced with raw ambient seawater, measured in liters per hour. Because 
a large pump will create more bulk water movement in a small tank than a large one, we standardized each pump-to-
tank-size ratio by dividing the manufacturer rating of pump output by the volume of water as turnovers per hour (tph). 
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We note that this value depends on manufacturer pump ratings, which we found to be inaccurate when measuring 
flow rates reported in Table 1. Water flow rate is the current velocity at which water travels within the tank, measured 
in centimeters per second. We measured flow rate using a Nortek Vectrino 3D fixed stem Acoustic Doppler Velocimeter 
(ADV) (Nortek, Boston MA), sampling at 2 Hz (1.8 mm transmit length with a 2.5 mm sample bin). We performed multiple 
measures throughout the tank area and found that the turbulent flow conditions through time at a single point location 
in the tank were greater than the mean differences among locations within the tank or among pump sizes (Table 1). 
Therefore, we report XY flow speeds measured in two locations: (1) mid-tank at the front of the 18 × 18 cm mesh plate 
where coral fragments were placed during the experiment, and (2) at the far side of the mesh plate near the back of the 
tank away from the pump (Supplementary). Based on our flow measurements (Table 1), the experimental flow rates here 
encompass the range of flow speeds observed on natural reefs from which these coral species were originally collected. 
For example, near the protected HIMB coral nursery in Kāne’ohe Bay, natural flow rates are on the order of 5–10 cm/s [57]. 
Flow conditions on forereefs are typically higher, reaching 30 cm/s [58] but can exceed 50 cm/s in some locations [59, 60].

2.2 � Species selection

We selected three of the eight most abundant coral species in Hawaiʻi that together comprise more than 95% of coral 
cover [61], could be collected within ~ 1 km radius of the HIMB Coral Nursery, and showed differing flow regime pref-
erences and thermal tolerances for this experiment. Montipora capitata (Dana, 1846), and Pocillopora acuta Lamarck, 
1816 are common species on reefs throughout Kāneʻohe Bay, but are typically restricted to the lower end of the flow 
regime (< 20 cm/s) mentioned above [62–64]. In contrast, Pocillopora meandrina Dana, 1846 is typically restricted to the 
upper end of that flow regime (> 20 cm/s) and is only really found along the edges of the Sampan Channel within Kāne 
‘ohe Bay [63] where flow rates are 10–20 cm/s [57], but likely enhanced by both natural wave energy and frequent boat 
wakes within the channel. These species were selected because they are commonly used in coral restoration activities 
in Hawaiʻi [65, 66], and rank among the eight most common corals that collectively account for over 95% of cover on 
Hawaiian reefs [61, 67]. Furthermore, they represent a range of life history, colony morphology, preferred flow regime 
habitats and thermal tolerance. Bleaching susceptibility of these species differs markedly, with Montipora being gener-
ally more resistant to bleaching than Pocillopora [8], and P. meandrina being the most sensitive of Hawaiian coral species 
to thermal stress [68, 69].

Table 1   Summary of aquarium pump ratings and measured flow rates for each treatment aquarium

Flow was measured using a Nortek Vectrino 3D fixed stem Acoustic Doppler Velocimeter (ADV) sampling at 2 Hz (1.8 mm transmit length 
with 2.5 mm sample bin) averaging over 120 measurements. Based on these results and our pilot study, we selected the 0–500GPH pump 
array for our experimental treatments. A graphical representation of measurement locations and a 120 measurement time series of flow per 
location and flow treatment are provided in the Supplementary Materials

Pump Lph Tph Max X (cm/s) Min X (cm/s) Mean X (cm/s) SD(X) Max Y (cm/s) Min Y (cm/s) Mean Y (cm/s) SD(Y)

Front of coral 
rack (nearest 
pump)

 Nothing 0 0 0.710 0.010 − 0.017 0.220 0.710 0.000 0.022 0.202
 Airstone 38 4 1.930 0.010 0.167 0.550 3.210 0.310 − 1.646 0.589
 70GPH 265 30 11.760 0.010 0.248 3.834 23.500 0.040 − 0.404 4.652
 250GPH 946 105 47.410 0.500 − 9.027 14.390 41.910 0.310 − 3.333 13.573
 500GPH 1893 210 36.340 0.030 3.667 12.438 51.530 0.100 2.856 9.030
 950GPH 3610 401 65.820 0.880 0.275 24.828 59.290 0.120 1.581 25.720

Back of coral rack (away from pump)
 Nothing 0 0 1.040 0.000 0.040 0.310 1.160 0.000 − 0.050 0.251
 Airstone 38 4 1.850 0.000 0.727 0.449 1.400 0.000 0.009 0.465
 70GPH 265 30 17.230 0.000 − 5.318 4.158 5.980 − 19.160 − 2.741 3.510
 250GPH 946 105 33.070 0.010 − 4.445 7.454 28.240 0.100 − 1.102 8.204
 500GPH 1893 210 41.480 0.140 − 7.223 11.603 48.510 0.020 − 0.501 10.449
 950GPH 3610 401 72.590 0.180 3.582 22.852 67.840 0.320 2.385 25.389
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2.3 � Experimental setup

Four coral colonies per species were collected from nearby sites in Kāneʻohe Bay under Hawaiʻi Department of Land and 
Natural Resources Special Activity Permits SAP-2018–03 and SAP-2019–16 issued to HIMB. Previous work shows extremely 
low rates of clonality in these species [70–72], but to maximize the chance that each colony was a distinct genet, field 
collections targeted colonies at least 3 m apart. Each replicate aquarium had a single 2–3 cm long coral nubbin (ramet) 
from each of the 4 coral colonies (genets) and all three coral species (3 species × 4 colonies × 5 flow treatments × 3 replicate 
tanks = 180 fragments), as illustrated in Fig. 1. Coral ramets were attached using IC-Gel Insta-Cure Coral Frag Glue (Bob 
Smith Industries, Atascadero CA) to a 1.5 mL plastic centrifuge tube, containing a single 2.5 g round split shot fishing 
weight and unique label, sealed using PC-Marine epoxy putty (Protective Coating Company, Allentown PA). Each sample’s 
initial wet weight (g) was then measured and fragments were allowed to recover in the field under natural conditions 
(~ 1.5 m depth) in the HIMB midwater floating coral nursery for ~ 2 weeks before being used in any of the experiments, 
which employed 30% shade cloth to approximate field conditions (Supplementary). We chose to use total wet mass over 
buoyant weight as our measure of coral growth because corals can shift growth between calcification and tissue mass 
(particularly during times of stress), and buoyant weight excludes neutrally buoyant tissue mass [73].

After reef recovery from the 2018 bleaching, we began our experiment to determine the effects of flow on the outcome 
of coral growth experiments. Based on results from a pilot experiment (Supplementary), we selected pumps to create 
a range of flows from 0 up to roughly 200 tph. Corals were now maintained in commercial 10 L Zebrafish Rearing Tanks 
(Pentair Aquatic Eco-Systems, Apopka FL) set in a large-volume flow-through seawater table (Fig. 1) that maintained 
corals under the field conditions via constant flow-through with surrounding ocean water for temperature control and 
irradiance equivalent to 1.5 m depth at which corals were collected via Agfabric 30% shade cloth (Agfabric, Corona CA; 
see Supplementary for temperature and light data). Water exchange with ambient seawater was kept equal and con-
sistent among experimental tanks using Hydroport Adjustable 8-outlet Manifolds (RainDrip NDS, Woodland Hills CA), 
which were cleaned daily to prevent clogging from organic matter passing through the unfiltered HIMB flow-through 
seawater system. We measured exchange rates periodically throughout the experiment to confirm water in our treatment 
tanks was flushed at a rate of 4.82–6.91 complete exchanges per day with raw, unfiltered seawater. Unfiltered seawater 
on this line has been shown sufficient to recruit and support a diverse and healthy natural coral reef community in flow 
through mesocosms [74]. For this experiment, we performed three spot checks in which we filtered water for 5 min each 
from the raw seawater line and collected an average of 1.8 zooplankton/min, providing a continuous food supply of ~ 10 
zooplankton/fragment/hr during the course of the experiment.

Samples were secured in raised mesh plates and exposed to five water flow treatments (Fig. 1). The first treatment 
relied entirely on the water turnover from the Hydroport manifolds with no additional flow (0 tph), while the second 
treatment included an air stone for circulation (4 tph) because we could not find any aquarium pump small enough 
for this gap. The remaining flow treatments were generated by commercial aquarium pumps as follows: Koralia Nano 
Pumps (Hydor Ferplast, Italy) rated at 265 Lph (30 tph), Aquaneat Submersible Aquarium Pumps (Aquaneat, China) rated 
at 946 Lph (105 tph), and Aqueon Circulation Pumps (Aqueon, Franklin, WI) rated at 1893 Lph (210 tph). We established 
15 tanks creating 3 replicates of each of the 5 flow conditions with a single coral fragment from each parent colony of 
each species housed in each tank (Fig. 1). Experimental treatments covered the full range these corals might experience 
on natural reefs in Kāne’ohe Bay, ranging from roughly 0–50 cm/s [57, 58] as reported in Table 1.

With twelve nubbins of each species per treatment (4 genets × 3 ramets with one in each of three replicate tanks), we 
had 60 nubbins per species and 180 total coral fragments in the experiment (Fig. 1). Fragments were measured weekly 
via wet mass and tanks were scrubbed clean every other week to remove algal growth and prevent fouling. Tank position 
was randomized weekly and HOBO temperature loggers were deployed along the outer middle sections of the water 
table to test for potential effects of tank positioning on temperature. These temperature profiles were compared with 
a 2-sample t-test in RStudio (1.4.1103, R > 4.1.2). Differences in growth by flow treatment were tested by ANOVA and 
non-parametric Kruskal–Wallis because of unequal variances among treatments in JMP (18.0.2) based on the a priori 
experimental design. Based on referee feedback, we also analyzed the data using a random effect mixed model in JMP 
(18.0.2), but the results were consistent with our a priori statistical design, so we present only the latter here. Post-hoc 
Tukey HSD tests in JMP evaluated differences among all pairs of treatment. Finally, differences in growth by colony (gen-
ets) among flow treatments for each coral species were also assessed with ANOVA and Tukey HSD tests in JMP (18.0.2).

After 8 weeks of normal growth in these aquaria, a natural bleaching event began as water temperatures in Kāne’ ohe 
Bay began to rise, and first exceeded the local bleaching threshold of 28.0 °C [18] in mid-August of 2019 (Supplementary). 



Vol.:(0123456789)

Discover Oceans            (2024) 1:31  | https://doi.org/10.1007/s44289-024-00034-5	 Research

Ambient 
seawater table

Hydroports

Hydroport seawater input line

Propeller pump

Overflow

Fig. 1   Experimental design for investigation of various flow rates on the outcome of growth and coral bleaching experiments using Monti-
pora capitata, Pocillopora acuta and Pocillopora meandrina. Upper portion of the figure depicts the tank setup and the lower portion is the 
labeling system for coral fragments. Tanks were arranged in an outdoor water table with constant flow through seawater, and each tank had 
equal input of fresh unfiltered seawater from hydroport tubes. The tank order was randomly assigned and the position of tanks was reshuf-
fled each week. Flow treatment is denoted by symbols in the upper right of each tank: A = no flow, B = airstone, C = 70gph pump, D = 250 
pgh pump, E = 500 gph pump. Each nubbin was assigned a unique label based on the flow treatment (A-E), flow replicate number (X–Z), and 
the species replicate number (MC M. capitata: 1–4, PA P. acuta: 5–8, PM P. meandrina: 9–12) with colony number representing the genet from 
which each replicate ramet was fragged
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At this point, we transitioned the experiment from growth to study the effect of flow regime on coral bleaching in 
response to thermal stress, mortality, or subsequent recovery from bleaching. To minimize stress, we stopped growth 
measurements after 8 weeks and instead began to visually quantify coral bleaching scores using the Hawaiian Koʻa Card 
[75], through the full extent of the natural bleaching event. Temperatures regularly exceeded 28.0 °C and thermal stress 
continued to accumulate through 15 November (Supplementary), so a final wet weight for growth measurement taken 
one month later, at the end of the 23-week experiment. We selected the Koʻa Cards as a minimally invasive method of 
evaluating coral bleaching state to avoid any potential bias in mortality rate by adding human handling stress to the 
thermal stress corals were already experiencing. Further, these standardized coral color cards were developed through 
a series of controlled laboratory studies followed by field validations of over 1400 colonies to directly link color changes 
to specific physiological state and health (e.g., symbiont density, chlorophyll levels, photosynthetic efficiency) for each 
of the most common coral species in Hawaiʻi [75]. Thus, the Koʻa Color Scale (KCS) provides a non-invasive method of 
linking visual color to experimentally validated physiological conditions for Hawaiian corals [75].

Coral bleaching and recovery was evaluated for 15 weeks following the onset of the 2019 mass bleaching event in mid-
August [76]. Each species was scored with the specific quadrant of the Hawaiian Koʻa Card based on its species-specific 
natural range of coloration (M. capitata: 19–27, P. acuta: 1–9, P. meandrina: 10–18) from weeks 9 through 23. Hereafter 
we refer to the color value as the Koʻa Card Score (KCS) and changes in color value as the Koʻa Card Score difference 
(ΔKCS). These species-specific changes in reference color, with lower values indicating paling associated with reduced 
symbiont density, chlorophyll levels, and photosynthetic performance [75], were analyzed with ANOVA and Tukey HSD 
tests in JMP (18.0.2). Dead corals were removed from the analysis because they cannot be assigned a KCS color score.

3 � Results

3.1 � Flow effects on coral growth and bleaching recovery

Based on a pilot study (Supplementary), commercial aquarium pumps ranging from 0 to roughly 200 tank volume turno-
vers per hour (tph) for our coral growth and bleaching experiment. We established 15 tanks with 3 replicates of each of 5 
flow conditions (Fig. 1). The aquarium pump treatments created different flow regimes that covered the natural range that 
corals might see on local reefs (0–70 cm/s), but these differences are not reflected in the mean flow conditions (Table 1). 
Instead, the variability in measured flow (SD) and maximum flow speeds (cm/sec) both scale in a more consistent man-
ner with pump manufacturer ratings (Table 1). Temperature and light exposure were measured for one week with HOBO 
loggers in tanks at the outer edge and the middle section of the water table to quantify consistency across tank positions. 
Throughout the experiment, between noon and 2 pm daily, irradiance averaged 1408 ± 369 µmol/m2/s reaching the tanks. 
Spot checks with a Li-Cor LI-193 Spherical Quantum Sensor (Li-Cor, Lincoln NE) indicated consistent transmission at ~ 70% 
of those values (985 ± 258 µmol/m2/s) through the shade cloth throughout the array (Supplementary). Temperature 
differed slightly but significantly (t = 7.83, df = 672, p < 0.01) between the center (28.90 °C) and outer edge of the water 
Table (28.67 °C). However, experimental tanks were rotated among positions and would alternate between the central 
and outer positions weekly, so all fragments experienced these small temperature differences (0.23 °C) equally for 4 of 
the 8 weeks throughout the experiment. There was 100% survivorship and up to 20% growth among coral fragments 
during this initial 8-week growth period.

Observed increases in growth rate of replicate clonal fragments held under differing flow rate (Fig. 2) are consistent 
with the pilot experiment (Supplementary), during which exact flow rates were not measured. Mean growth across 
all fragments increased from 0.395 ± 0.05 g wet weight at 0 tph, to 0.463 ± 0.05 g at 4 tph, 0.588 ± 0.05 g at 30 tph, 
0.526 ± 0.05 g at 105 tph and 0.403 ± 0.05 g at 210 tph (F6,177 = 6.84, p < 0.01). Despite considerable variation among indi-
vidual genets, coral growth again tended to increase with flow within all three species, although it was only significant for 
Montipora capitata (F4,55 = 3.64, p = 0.01; χ2 = 11.1, df = 4, p = 0.03) and for Pocillopora acuta with parametric (F4,55 = 2.70, 
p = 0.04), but not non-parametric statistics (χ2 = 8.4, df = 4, p = 0.07). Growth of M. capitata increased from 0.244 ± 0.06 g 
wet weight at 0 tph, to 0.379 ± 0.06 g at 4 tph, 0.434 ± 0.06 g at 30 tph, 0.510 ± 0.06 g at 105 tph and then declined sig-
nificantly to 0.248 ± 0.06 g at 210 tph (Tukey HSD, p = 0.028). Growth of P. acuta increased from 0.622 ± 0.09 g wet weight 
at 0 tph, to 0.633 ± 0.09 g at 4 tph, 0.826 ± 0.09 g at 30 tph, 0.734 ± 0.09 g at 105 tph and then declined significantly to 
0.406 ± 0.09 g at 210 tph (Tukey HSD, p = 0.025). Although, Pocillopora meandrina shows a similar trend of increasing 
growth with flow for the first 3 treatments, and reduced growth at higher flows, but increased variability with 2 outlier 
points (Fig. 2) among the highest flow treatment renders this trend nonsignificant (F4,55 = 1.32, p = 0.27; χ2 = 5.32, df = 4, 
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p = 0.26). Growth of P. meandrina fragments throughout this experiment increased from 0.318 ± 0.09 g wet weight at 0 
tph, to 0.378 ± 0.09 g at 4 tph, 0.553 ± 0.09 g at 30 tph, 0.403 ± 0.09 g at 105 tph and 0.518 ± 0.09 g at 210 tph.

3.2 � Intraspecific variation in response to flow rates

Although we included only 4 individual colonies (genets) for each species in these experiments, significant variation in 
growth was recorded among colonies for both P. acuta (F3,16 = 6.02, p < 0.01) and P. meandrina (F3,16 = 3.95, p = 0.03), but 
not for the more variable M. capitata (F3,16 = 0.55, p = 0.65). Overall, M. capitata colonies averaged 3.89 ± 0.73 g with no 
significant differences among individuals 1–4. In contrast, P. acuta (colonies 5–8) shows a two-fold difference among 
individuals with colony 6 averaging 10.95 ± 1.01 g of growth whereas colony 7 averaged only 5.00 ± 1.01 g (Fig. 3A). P. 
meandrina falls intermediate to these two with significant differences among colony 10 averaging 3.19 ± 0.34 g of growth 
whereas colony 9 averaged only 1.60 ± 0.34 g over the same period.

Among flow treatments M. capitata likewise shows high individual variation, with colony 4 growing fastest in the 30 tph 
treatment, colony 1 growing fastest in the 105 tph treatment, and the other two colonies showing no difference in growth 
across flow treatments. Yet, despite this individual variation, there remains a significant overall influence of flow treatment 
on growth rate of genets of M. capitata (F4,55 = 2.81, p = 0.038). In contrast, P. acuta showed clear differences among genets in 
both differences in overall growth rate among genets (F3,55 = 8.83, p < 0.001) and the mean growth rate of clonal fragments 
held under differing flow treatments within the genets (F4,55 = 3.84, p = 0.01). Differences in growth rate among genets were 
more consistent in P. acuta than M. capitata, with colony 6 showing significantly higher growth than all other colonies across 
all treatments in these experiments (vs. Colony 5 p = 0.05; vs. Colony 7 p < 0.001; vs. Colony 8 p = 0.01, Tukey HSD). Likewise, 
P. meandrina shows a significant effect of genet (F3,59 = 4.29, p = 0.01) and flow (F4,59 = 2.63, p = 0.049) on overall growth rates 

Fig. 2   Box plot of growth (increase in wet weight) for Montipora capitata, Pocillopora acuta, and Pocillopora meandrina maintained under 
differing flow treatments. Each box shows median and upper and lower quartiles for mass increase among the twelve nubbins during eight 
weeks of experimental treatments. Vertical lines represent min and max values while outliers are plotted as individual points. Statistically 
insignificant differences between treatments, as defined by Tukey’s multiple comparison test (p < 0.05), are indicated by shared letter labels 
above the bars; each species was assessed independently.
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among differing flow regimes, with colony 10 performing consistently better than average across all treatments. There is 
also a significant interaction of colony and flow for both P. acuta (p = 0.001) and P. meandrina (p = 0.002), with some individu-
als performing comparatively well or poorly in different flow treatments (Fig. 3A). For example, despite Colony 6 of P. acuta 
always showing the highest growth rate, there was no difference in mean growth rate of fragments held in the 0 tph and 4 

Fig. 3   Mean change in wet weight of 3 replicate fragments maintained in each of the flow treatments by coral colony (each of 4 genets in 
different colors) and species, with variable axis scales to better visualize differences among flow treatments. The overall mean result from all 
12 fragments of each species is plotted as a dashed line in black. A Individual variability in coral growth during 8 weeks of normal tempera-
tures. Each point represents the average of triplicate nubbins grown under differing flow regimes (0–210 tph) with 1 clonal ramet/genet in 
each of the 3 replicate tanks per flow treatment as outlined in Fig. 1. The same four genets for each species—M. capitata (colonies #1–4), P. 
acuta (colonies #5-8), and P. meandrina (colonies #9–12)—were used throughout the entire 23 week experimental period, but when temper-
atures rose to the bleaching threshold after 8 weeks, the experiment became a bleaching response experiment beginning with week 9 and 
running for 15 weeks. B Individual variability in coral growth throughout the 15 weeks following the growth experiment, showing increased 
individual variability and differential responses to bleaching by experimental flow condition.
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tph flow treatments, whereas Colony 8 shows a significant decrease in mean growth rate, while Colony 5 shows a significant 
increase in mean growth rate between these same treatments. However, no such effect is detected for M. capitata (p = 0.59).

3.3 � Coral bleaching and recovery among flow treatments

Temperatures above the Maximum of the Monthly Mean (MMM), 26.98 °C for the Main Hawaiian Islands (NOAA Reef Watch), 
tend to exceed the upper tolerance threshold for corals and result in coral bleaching when prolonged. The product of duration 
and intensity by which MMM is exceeded over a 3-month period (12 week sliding window) is referred to as Degree Heating 
Weeks (DHW). When DHW reaches 4 °C-weeks (which could result from 1 week at + 4 °C or 4 weeks at + 1 °C), significant coral 
bleaching is likely to occur, and values beyond 8 DHW typically result in severe and widespread bleaching and mortality 
[77]. Between August and November 2019, temperatures exceeded the bleaching threshold by an average of 5.3 °C-week, 
with peak values of 7 °C-week in October, resulting in ~ 80% of corals showing signs of bleaching in Kāne ‘ohe Bay [76]. This 
marine heatwave, during which sea water temperatures in Kāne ‘ohe Bay averaged 28.4˚C with roughly 13 DHW accumu-
lated for most locations, resulted in some of the highest bleaching mortality reported to date for Hawaiʻi [69, 77]. While we 
used natural seawater for our experiment, seawater lines and tanks on land warm in the sun, so aquarium temperatures are 
always slightly higher (Supplementary), such that corals accumulated almost 18 DHW with a max of 11.45 °C-week above 
the bleaching threshold. Each treatment started with 12 healthy fragments (100% survivorship from the previous 8-week 
growth experiment), per species distributed with a single ramet from each genet per replicate flow treatment (Fig. 1).

Again, we were able to detect significant variation among how genets responded to thermal stress among the flow 
treatments (Fig. 3B). Observed variation followed the same relative rank, with M. capitata showing the greatest varia-
tion, followed by P. acuta and then P. meandrina. However, the flow conditions under which a colony shows the highest 
growth rate is not consistent with the flow rate under which there is greatest recovery from bleaching (Fig. 3B). Growth 
data during the bleaching experiment are complicated by the fact that there was substantial mortality during the heat-
wave and too few survivors in some treatments for analyses (Fig. 4). Average KCS for fragments between the end of that 
growth period (week 8 for growth = week 0 for bleaching) and the end of the bleaching and recovery period at week 23 
(15 additional weeks) shows an interaction between bleaching response by species and flow (Fig. 4a). The mean score for 
each treatment of each species is plotted for weeks 8, 15, and 23 except for P. meandrina, which had too few fragments 
survive bleaching for analyses in week 23 (Fig. 4b).

As expected, the bleaching-sensitive P. meandrina was hit particularly hard by ~ 18DHW of thermal stress, with nearly 
complete mortality and only 4 fragments surviving through the end of the experiment (Fig. 4). Bleaching effects were 
species-specific (F2,172 = 47.12, p < 0.001) and significantly influenced by flow (F4,172 = 2.48, p = 0.046) with a significant 
interaction between species and flow (F8,172 = 2.00, p = 0.049). The significant interaction arises from differences in the 
performance of M. capitata and P. acuta under different flow treatments, with some ramets showing recovery from 
bleaching under one flow condition whereas the same colony continued bleaching and decline under a different flow 
treatment (Fig. 4). Differences among species were largely driven by P. acuta, with an average of 1.7 points less bleaching 
than M. capitata (p = 0.007) and 5.1 points less bleaching than P. meandrina (p < 0.001). Differences in bleaching severity 
match the mortality rates with 50% of M. capitata fragments dying, and 94% mortality of P. meandrina by the end of the 
experiment. In contrast, P. acuta experienced significantly less bleaching (F1,59 = 9.44, p = 0.003) and only 15% mortality 
throughout the experiment (Fig. 4c). P. acuta shows the greatest survivorship and recovery from bleaching (ΔKCS = 1.1) 
under intermediate flow (30 tph, 23.5 cm/s max). M. capitata likewise showed lowest mortality under intermediate flow 
(30 tph, 23.5 cm/s max), but the greatest recovery from bleaching (ΔKCS = 0.3) was observed under the highest flow 
treatment (210 tph, 51.5 cm/s max). Despite being the species found under the highest flow conditions in the field, P. 
meandrina exhibited the greatest survivorship and recovery from bleaching (ΔKCS = 0.1) under low (4 tph, 3.2 cm/s max) 
flow conditions (Fig. 4).

4 � Discussion

Previous studies have documented the importance of water flow on coral growth, morphology, bleaching, and post-
bleaching recovery [41–43, 48, 52, 54, 78]. Yet very few published bleaching experiments (< 5%) report any aspect of 
the flow conditions under which bleaching experiments have been carried out [12, 45]. Further, flow regime is not even 
mentioned as a factor in a systematic review of methods, successes, failures, and future directions for coral restoration 
projects [27]. Flow clearly matters to restoration activities, however, because coral nurseries are almost always low flow 
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environments relative to coral reefs. For example, colonies grown under lower flow conditions tend to develop rougher 
growth morphologies to increase frictional drag and thin the boundary layer, allowing them to benefit from the same 
mass-transfer effects of corals with smoother morphologies living in higher flow environments [59, 79, 80]. Flow can also 
modify overall colony morphology, surface area, polyp density, feeding efficiency, and the probability of detachment or 
breakage in the field [41, 54–56, 78]. Such plasticity indicates likely consequences for corals whose morphology is poorly 
matched to their environment, which may in turn impact the growth and survival of outplanted corals [81, 82]. Thus, 
there are a wide range of factors affected by flow that can clearly impact both the outcome of laboratory experiments 
involving corals and ultimately the success of coral restoration efforts.

The fact that the vast majority of studies to date fail to report the flow regime under which coral research or restoration 
activities have been performed [12, 45] suggests a lack of appreciation for its importance by coral reef researchers. Here 
we present results to document how experimental evaluations of coral growth, survival, and post-bleaching recovery 
rates can all be altered by flow regime. Furthermore, there is an interaction between individual colony and flow regime 
(Fig. 3). This interaction may derive from different fragments having different surface roughness at the start of the experi-
ment or from individuals having differing responses to flow such that not all individuals of a species show highest growth 
or recovery from bleaching under the same flow regime. We did not quantify the morphology or surface roughness of 
each fragment, so we cannot distinguish among these alternative mechanisms, although it seems an important area for 
future research. Regardless of the underlying mechanism, it is important to note that the interaction of parent colony 
(genet) with flow regime means that conflicting experimental results could be obtained within a single species depend-
ing on which colony was selected and may explain some of the variability among experimental bleaching outcomes 
seen across the literature.

Fig. 4   Bleaching and survival of 12 coral fragments maintained under various flow treatments with 1 clonal ramet per each of 4 genets in 
each of 3 replicate tanks per flow treatment. A Cumulative difference in average KCS among surviving fragments, where a negative differ-
ence signifies continued paling or bleaching through the end of the experiment, and a positive difference signifies retention or recovery of 
color among surviving fragments at week 23. Final sample sizes (from 12 initial replicates) after 15 weeks of treatment are listed as the num-
ber of surviving fragments above each bar. B Average KCS by treatment and week for each species. Only 4 P. meandrina survived to the end 
of the experiment, so KCS was not reported for this species at week 23 due to near complete mortality. C Survivorship curves for percentage 
of fragments alive each week in each flow treatment by species.



Vol.:(0123456789)

Discover Oceans            (2024) 1:31  | https://doi.org/10.1007/s44289-024-00034-5	 Research

Here we sought to answer three primary questions: (1) what are optimal flow rates for growth of these Hawaiian cor-
als, (2) does optimal flow rate differ among coral species or individuals within species, and (3) does higher flow reduce 
rates of coral bleaching, post-bleaching mortality, or speed recovery from bleaching among fragments that survive? To 
address the first question, all three species in our pilot study showed the highest mean growth around 100 tph, followed 
by a decline in the highest (> 200 tph) flow treatments (Supplementary). Based on that result, we focused on the flow 
range of about 0 to 200 tph as best we could with available aquarium products, which covered the natural range of flows 
from which these corals were originally collected (Table 1). We found similar results in the flow experiment (Fig. 2) for 
both M. capitata and P. acuta, with highest mean growth in the 105 tph treatment, and lowest mean growth rate at 210 
tph. The replacement of Por. compressa from our preliminary experiment with P. meandrina in the refined experiment 
prevents us from comparing between experiments for these species, but P. meandrina was the only species that did not 
show the same pattern. Instead, none of the differences in growth among the treatments were statistically significant for 
P. meandrina which appeared to have slightly higher growth at lower flow rates (30 tph) than the rest (Fig. 2). It is inter-
esting to note that P. meandrina is not typically found throughout Kāne ‘ohe Bay, because it is most common in areas of 
higher flow and wave energy [61], and the only site in the bay at which it is abundant is along a shipping channel where 
oceanic swells and frequent boat wakes increase wave energy locally. Thus, while we see a consistent trend towards 
maximum growth under flow rates on the order of 100 tph for both experiments using the lagoonal coral species we 
tested here, we caution against applying that flow rate universally. Likewise, Nakamura and colleagues [42] found that 
bleached colonies of Stylophora pistillata maintained under low flow (≤ 3 cm/s) conditions remained pale throughout 
their 7-week experimental period, whereas colonies maintained under moderate flow conditions (20 cm/s) recovered 
rapidly over the same time period. Here, we find that growth of coral fragments is maximized under moderate flow rates 
(30–105 tph, 14–37 cm/s), but that both survival and recovery from bleaching is highest at the lower rather than the 
upper end of this range (30 tph, ~ 15 cm/s).

Bleaching responses were variable among species and flow rates, with survival generally being reduced by increasingly 
severe bleaching in the lowest and highest flow treatments (Fig. 4). It is not surprising that corals performed relatively 
poorly in the no flow (0 tph) treatment. Flows on the order of 1 cm/s as seen in our 0 tph treatment, have been shown 
to be stressful to corals by limiting gas exchange, nutrient flux and photosynthesis [41, 83, 84]. Conversely, high flows 
increase coral metabolic rate because of increased oxygen supply to tissues, especially at night or during bleaching when 
photosynthesis is not happening [41, 83]. Without the energetic contribution of symbionts, increased metabolism can 
be a large energetic cost to the corals and may explain why growth tended to decrease and bleaching was generally 
more severe in the highest flow treatments. However, such generalizations are not universal because M. capitata shows 
recovery from bleaching in only the highest flow treatment (Fig. 4). The flow speeds measured in these experimental 
treatments are highly variable and a fragment could experience temporally variable flows that exceed the full range of 
treatment values through time in our higher flow treatments (Supplementary). Regardless, the 30–105 tph treatments 
generally correspond to flows on the order of 10–30 cm/s, which fall within the natural flow range for many reefs. How-
ever, mean, maximum and variability of flow all differ among treatments (Table 1), so it is hard to say exactly which aspect 
of flow the corals are responding to.

In fact, given the variability among both species and individuals reported here, we would argue that there is unlikely 
to be any single optimal flow rate for coral growth. Instead, we show significant variation among both species, and 
among individuals within species, for the flow rates under which maximal growth rates were obtained. For species such 
as M. capitata, some individuals (colony 1 & 4) differ significantly from the mean pattern and show maximal growth at 
different flow rates than others (Fig. 3). In contrast, P. acuta shows more similar trends among individuals, although the 
absolute magnitude of growth varies significantly among the colonies with colony 6 consistently outperforming all others 
(Fig. 3). This variability precludes a single optimal flow rate for all individuals even within a single species, and likely has 
implications for how such colonies would perform if outplanted to the field also. Knapp et al. [66] found similar variability 
among individual colonies and showed that growth varied by up to 1000% and survival by up to 40% among fragments 
of the same genet outplanted across an environmental gradient in Kāne ‘ohe Bay. Together these results indicate that 
at least some individuals show preferential growth and survival under differing flow environments and that no single 
condition appears optimal for all individuals.

Finally, we confirmed that variable flow rates could impact results and conclusions drawn from a laboratory bleaching 
experiment, because bleaching responses are significantly altered by flow, and with a significant interaction between flow 
and species. The outcomes of the experimental tests resulted in a considerable difference in survivorship for M. capitata 
(75 to 25%) and P. acuta (100 to 58%) of the same individuals held under different flow regimes in the bleaching experi-
ments (Fig. 4). Furthermore, each species showed opposite responses to thermal stress among some flow conditions as 
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evidenced by the crossing lines in Fig. 3B among flow treatments. Individual variability in genet performance did not 
overshadow general species trends among flow treatments, however. For example, P. acuta showed increasingly severe 
paling in the 210 tph treatment, whereas the exact same individuals showed simultaneous recovery under a flow rate of 
30 tph (Fig. 4). M. capitata likewise showed increased severity of bleaching in the 105 tph treatment, compared to mean 
recovery of corals in the 210 tph treatment. Mortality was too high in the most bleaching sensitive species, P. meandrina, 
to analyze the data, but this species also showed opposite trends among the few surviving fragments: there was recovery 
among the 2 survivors in 4 tph compared to increasingly severe paling of the single individual surviving in both the low-
est and highest flow (0 and 210 tph) treatments (Fig. 4). However, we also note that the 4 tph treatment is the only one 
created by an airstone rather than an aquarium pump, which may have potentially confounding effects such as altering 
the levels of dissolved gases or evaporative cooling, beyond simply flow rate. Regardless, the fact that at least one coral 
genet within all three species exhibits opposite trends, with a clonal fragment from the same parent colony showing 
increased bleaching severity under one flow regime whereas another shows recovery when maintained in a different 
flow treatment (Fig. 3B), highlights the importance of reporting flow when trying to compare among bleaching experi-
ments [12]. A recent survey of the coral bleaching literature revealed that more than 95% of coral bleaching studies to 
date have failed to report any detail of the flow conditions under which the study was performed [45]. Such interaction 
of the flow regime and experimental bleaching outcomes combined with oversight in reporting of flow conditions may 
explain some of the variability seen in the literature among studies performed with the same species. Here we show it 
is possible to draw opposite conclusions from bleaching experiments using the same individual at the same time under 
differing flow regimes, and until flow is reported and standardized, it is impossible to directly compare coral bleaching 
responses and recovery among studies.

5 � Conclusions

Water flow is a major factor in coral health and growth but is rarely incorporated into laboratory experimental design or 
the rapidly expanding coral nursery and restoration literature. Here, we found that four species of coral (Montipora capi-
tata, Pocillopora acuta, Pocillopora meandrina and Porites compressa) generally exhibit increased growth across our flow 
treatments from 0 to about 100 tph, but slow or possibly decrease growth at greater flow rates. Although we observed 
the highest growth rates in our moderate flow treatments (30–105 tph), bleaching recovery rates for the same individuals 
were generally higher at the lower end of this range (4–30 tph). Surprisingly, we showed that it was possible to draw the 
opposite conclusions from a coral bleaching study conducted with the same individuals under differing flow conditions. 
But results were both species- and individual-specific. For example, P. acuta generally showed continued paling and 
decline at flow rates more typical of field conditions (210 tph) as opposed to recovery of the same individuals maintained 
under low flow more typical of laboratory experiments (30 tph). M. capitata showed the opposite trend with increased 
severity of bleaching at lower flow (105 tph) compared to recovery at 210 tph, but there is considerable individual vari-
ation within each species. Interestingly, the 105 tph treatment was also the one in which we observed greatest growth 
of M. capitata, indicating that conditions for optimizing growth and bleaching recovery are likely to differ. The complex 
interaction of coral genet and flow reported here also highlights the value of variability in coral farming and restoration 
activities to increase chances of matching the conditions for success. Overall, these results highlight the importance of 
considering flow rate explicitly in coral research and reporting them explicitly in publications, and may explain differ-
ences among outcomes in the coral bleaching literature.
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