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ABSTRACT 

 
 Phytoplankton are important environmental indicators because their biomass and size 

structure can respond rapidly to changing conditions, including nutrient loading. Submarine 

groundwater discharge (SGD) is a significant contributor of natural and anthropogenic nutrients 

to the coastal ecosystem, with potentially adverse impacts in some areas. Our objective was to 

experimentally assess the sensitivity of phytoplankton and bacteria in SGD-influenced water to 

nutrient loading. We performed nutrient (+N, +P, +N+P) enrichment bioassays with water 

collected inside and outside persistent SGD plumes at Kīholo and Kaloko Bays along the arid 

Kona coast of Hawaiʻi Island, U.S.A. In situ physical / chemical conditions at Kīholo Bay 

reflected strong influence of SGD and the phytoplankton were dominated by pico- and nano-

phytoplankton (<20 mm), which exhibited larger average cell-size in-plume. The response ratio 

(RR) of total phytoplankton biomass was significantly > 0 for all treatments, but the RR among 

the pico / nanophytoplankton fraction different, indicating that biomass responses are being 

driven by the larger size fraction of phytoplankton (<20 µm). For total biomass, +N+P treatments 

had a greater response than +N and +P. In situ physical / chemical conditions at Kaloko, 

reflected less influence of SGD compared to Kīholo, and both in- and out-of-plume 

phytoplankton showed a RR > 0 for +N and +N+P (combined) treatments, while only out-of-

plume waters responded positively to +P treatments. Kaloko pico / nanophytoplankton in-plume 

showed a RR > 0 for +N and combined treatments. At both sites, +N and combined treatments 

produced significant increases in relative growth rate (Dr) for the total phytoplankton, but not the 

pico / nanophytoplankton. At both sites, significant drawdown of NO3
-+NO2

- and PO4
3- occurred 

only in combined treatments applied to water collected in-plume. Despite enriched conditions in-

plume, phytoplankton communities at these sites exhibited nutrient limitation through elevated 
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biomass and changes in community composition in response to fertilization. Our findings 

support dual nutrient management strategies for SGD-influenced waters. 

 

 

KEYWORDS: Submarine groundwater discharge, phytoplankton community structure, nutrient 

enrichment bioassay, nutrient limitation 
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INTRODUCTION 

Studies predict a rise in nitrogen (N) and phosphorus (P) loadings to the coastal ocean as 

development and agriculture increase due to human population growth (Seitzinger and Kroeze 

1998; Filoso et al. 2006; Juhl and Murrell 2008; Boehm et al. 2011). Anthropogenic sources of 

nitrogen and phosphorus include: sewage, animal manure, atmospheric deposition, fertilizers, 

and invasive species (Anderson et al. 2002; Dudley et al. 2014). Excess nutrient delivery to 

coastal waters can result in eutrophication, which leads to increased algal biomass, and often 

decreased species diversity (Burkholder 2001). Eutrophication has been described in systems 

worldwide, and is responsible for dramatic changes in ecosystem structure and function. 

 Submarine groundwater discharge (SGD) is a mixture of both fresh and brackish water 

recirculated within the aquifer (Moore 1999), and is increasingly recognized as a significant 

source of new nutrients to the coastal ocean. Land-use and vegetation changes can alter the 

nutrient composition of groundwater, affecting their loads delivered to the coast through 

submarine groundwater discharge (SGD) (Paytan et al. 2006). The transport of nutrients to the 

coastal ocean via SGD is especially important in arid regions, where surface water is sporadic 

and insignificant (Kay et al. 1977), or where land-use leads to nutrient enrichment of coastal 

aquifers (Paerl 1997; Paytan et al. 2006; Zhang and Mandal 2012; Moosdorf et al. 2014). Low 

nutrient conditions are vital for maintaining coral reef health (Littler et al. 2006). Hence, in these 

arid regions, understanding the potential impacts of SGD on coastal oceans supporting coral 

reefs is crucial, especially given their fragile status. Studies have linked high nutrient conditions 

facilitated by SGD to increased macro- and micro-algal growth, which can negatively impact 
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coral reef communities and ecosystem functions (Fabricius 2005; Bauman et al. 2010; Fabricius 

et al. 2010).  

High phytoplankton biomass is used as an indicator of poor water quality (Bell et al. 

2013) and is often associated with harmful algal blooms (HABs), the proliferation of a single 

species that impairs marine or human health (Anderson et al. 2002), among other issues. Low 

biomass and domination by small size classes of cells (pico- and nanophytoplankton, < 20 mm) 

is characteristic of undisturbed oceanic waters over coral reef systems, and detrimental effects 

have been associated with shifts to elevated biomass and larger cell sizes in response to 

nutrification (Smith et al. 1981). Inorganic nutrients are taken up by phytoplankton and 

converted to biomass and consumed or deposited to the benthos as organic matter or detritus 

(Furnas et al. 2005). This organic matter can be utilized by benthic species or re-suspended and 

utilized by pelagic species (Furnas et al. 2005; Alongi et al. 2015). Rapid uptake of nutrients is a 

key characteristic of phytoplankton, accounting for their roles as both vital primary producers as 

well as potential agents of eutrophication in response to nutrient pollution. The cycling of 

nutrients and coupling between pelagic and benthic communities can allow for production that 

outpaces the addition of nutrients and impacts the reef ecosystem as a whole (Smith et al. 1981; 

Alongi et al. 2015). For instance, increased phytoplankton abundance and the proliferation of 

larger cells has been linked (with other factors) to outbreaks of crown-of-thorn starfish and 

subsequent coral loss (Brodie et al. 2005, Fabricius et al. 2010). 

Nutrient enrichment bioassays are a widely used tool for experimentally determining 

nutrient limitation by comparing phytoplankton responses to the addition of different nutrients 

(Hecky and Kilham 1988; Downing et al. 1999). Responses of phytoplankton biomass, 

community structure, and dominant phytoplankton species can provide valuable information on 
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impacts of eutrophication (Troccoli-Ghinaglia et al. 2010; Coutinho et al. 2012), as well as 

changes in nutrient ratios (Hecky and Kilham 1988; Ganguly et al. 2013). In addition to the 

biomass response, the parameter Dr was developed to quantitatively examine growth rate 

responses in a way that permits comparisons among experiments performed at different times 

and in different systems (Downing et al. 1999). Liebig’s law of the minimum states that growth 

is limited by the scarcest resource and suggests single nutrient limitation. More recently, multiple 

factor limitation has been found to be ecologically relevant (Danger et al. 2008; Allgeier et al. 

2011). Elser et al. (2007) showed through meta-analysis the co-limitation by N and P is common 

in freshwater, marine, and terrestrial ecosystems, and others have shown that primary production 

can be limited by physical factors (Cloern 1999) as well. Indices to classify different types of 

nutrient limitation determined in nutrient bioassay results (Harpole et al. 2011; Allgeier et al. 

2011; Dorado-García et al. 2014) have been developed. Harpole et al. (2001) identified three 

categories of nutrient co-limitations: 1) simultaneous co-limitation, 2) independent co-limitation, 

and 3) serial limitation (Table 1). We used these categories to distinguish between types of 

nutrient limitation. 

West Hawaiʻi is an arid zone, with high SGD levels and increasing threats of development. At 

Kaloko in West Hawai’i, a system that is also representative of Kiholo Bay, phytoplankton 

account for 27% of the primary production (PP), but just 1% of the PP biomass, of the reef 

ecosystem with the highest productivity to biomass ratio of all other trophic categories (Wabnitz 

et al. 2010). While SGD nutrient inputs to coastal waters in West Hawaii have been documented, 

including elevated levels of NO3, Si and (sometimes) PO4 (Johnson et al. 2008; Knee et al. 2008; 

Peterson et al. 2009; Boehm et al. 2010; Kelly and Glenn 2015), less is known about whether 

these nutrients are eliciting a biological response from the pelagic microbes. Previous work using 



11	  
	  

mixing plots (nutrient concentrations vs. salinity) has suggested that biological uptake of these 

SGD nutrients is negligible and that the nutrients behave conservatively (Dollar and Atkinson 

1992; Johnson et al. 2008; Knee et al. 2010).  However, it has been noted that the high SGD 

nutrient concentrations may mask nutrient drawdown by primary producers (Johnson et al. 

2008).  More recently, mixing plot analyses, plus measurements of gross primary production and 

respiration have shown that microbes are responding to SGD nutrient inputs (Johnson and 

Wiegner 2013) in these environments.  Nitrogen and phosphorus, found in inorganic forms in 

groundwater, are commonly limiting nutrients in both aquatic and marine environments 

(Howarth 1988; Elser et al. 2007). Detailed measurements of which microbes are responding to 

these nutrients, and which nutrients limit phytoplankton biomass has only been examined in a 

few studies (Herrera-Silveira et al. 2002; Medina-Gómez and Herrera-Silveira 2006; Troccoli-

Ghinaglia et al. 2010), but none have examined them in coral reef habitats with SGD inputs. 

Excessive phytoplankton biomass in coral reef ecosystems can have detrimental effects on the 

benthic community through benthic-pelagic coupling (Smith et al. 1983; Alongi et al. 2015).  

Here we compared the response of the microbial community to nutrient inputs inside and 

outside the influence of SGD plumes in two locations in West Hawaii with documented SGD 

inputs. We examined biomass and growth rate (Δr) responses for the total phytoplankton 

biomass, as well as the response of the pico- and nanophytoplankton that predominated at our 

study sites before experimental fertilization, in order to gauge whether or not changes in size 

structure would accompany biomass increases in response to fertilization (Chisholm 1992, 

Thingstad 1998, Georicke 2011). We hypothesized that 1) phytoplankton both in-plume and out-

of-plume would respond to SGD, as shown by Johnson and Wiegner (2013), particularly P based 

on nutrient ratios found in their study, 2) in-plume locations at different sites would respond 
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differently to nutrient additions based on differences in environmental conditions, 3) we would 

be able to observe significant drawdown of nutrients in-plume, previously masked by the large 

volume of SGD entering the coastal ocean in situ (Johnson et al. 2008; Knee et al. 2010), 4) 

addition of both N and P would produce the greatest response in both biomass and growth rate 

through a synergistic effect and 5) larger phytoplankton, such as diatoms, would become 

dominant in enriched treatments (+N, +P, +N+P) because of existing Si concentrations. 

  

METHODOLOGY 

STUDY SITE 

The two study sites for this investigation were Kīholo Bay and Kaloko-Honokōhau 

National Historic Park (Fig.1).  These two coastal areas are fed by the Kīholo and Keauhou 

aquifer systems (Engott 2011), respectively, which are located on Hualalai volcano, the oldest 

and westernmost on Hawai’i Island. For the Kīholo watershed (90.9 km2), total SGD, including 

both fresh and recirculated groundwater, is estimated to be 7,100 m3 d-1 (Peterson et al. 2009). 

Although the vegetation across the landscape has been drastically changed by intensive ranching 

throughout the 1800s, today, the land above Kīholo Bay remains partially undeveloped (Maly 

2006). The current SGD influx for Kāloko-Honokohau is estimated between 2 - 382 m3 d-1 (Knee 

et al. 2009), and is likely lower than it was historically due to increased urban development (Oki 

et al. 1999).  Urban development upland and adjacent to Kāloko-Honokohau National Park 

includes a wastewater treatment facility, an industrial park, Honokōhau Harbor, and residential 

areas. Kiawe (Prosopis pallida), a nitrogen-fixing tree in the legume family, is one of the more 

dominant forms of vegetation at both sites. Leaf litter from a native tree, milo (Thespesia 
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populnea) has been found to contribute soluble reactive phosphorus to anchialine ponds upslope 

of our study sites (Dudley et al. 2014). 

 

EXPERIMENTAL DESIGN 

Bioassays with nutrient additions were conducted with surface water from both sites. Water with 

salinity between 35 and 36 practical salinity units (psu) was considered outside the influence of 

SGD, (out-of-plume), while water below 35 psu was considered within the influence of SGD, or 

“in-plume”. Previous studies have defined “in-plume” as predetermined areas with “salinities 

near the mean salinity range found at the site,” (Johnson and Wiegner 2014). While our methods 

for locating in- and out-of-plume differ from previous studies, the salinities at which we 

collected water for our bioassays were consistent with those found by Johnson and Wiegner 

(2014) (Table 2). Water was deemed sufficiently beyond the influence of SGD, and associated 

nutrient enrichment, based on salinity measured using a CTD (CastAway-CTD®). Water was 

collected from in-plume and out-of-plume in order to compare how SGD-derived nutrients affect 

pelagic microbes in nearshore compared to those in the surrounding oligotrophic ocean.  

Inorganic N and phosphorus (P) were added as nitrate (NO3
-) and phosphate (PO4

3-) to flasks 

with these waters, as they are commonly found in groundwater (Johnson et al. 2008, Johnson and 

Wiegner 2014). Previous studies have shown both in- and out-of-plume concentrations of NO3
-

+NO2
-:PO4

3- to be well above the Redfield ratio of 16 at both sites, with PO4
3- concentrations 

below the detection limit of 0.05 µmol L-1 at Kaloko-Honokōhau (Johnson 2012).  

 

WATER COLLECTION AND BIOLOGICAL ASSAY EXPERIMENTS 
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For each bioassay experiment, two 20-L, acid washed carboys of water were collected; one 

carboy from in-plume and one carboy from out-of-plume. Carboys were transported under cover 

from direct sunlight back to the laboratory and the water was divided into 12, 2-L clear. Acid 

washed,  polyethylene terephthalate (PETG) bottles for incubation. There were four treatments 

for this experiment: addition of NO3
- (+N) (final concentration 100 µmol L -1), addition of PO4

3- 

(+P) (final concentration of 6.25 µmol L -1), addition of both NO3
- and PO4

3- (+N+P) (final 

concentrations of 100 µmol L -1 and 6.25 µmol L -1 respectively), and seawater collected at the 

same locations with no nutrient additions (control). Each treatment had three replicate bottles. 

Nutrients were added in excess and in proportion to the Redfield ratio. Bottles were incubated for 

a total of 4 days.  Temperature during the incubation period ranged between 25 and 28ºC. Light 

intensity was maintained at 720 mmol photons m-2 s-1 12:12 L:D. 

  

NUTRIENT ANALYSIS 

 Water samples for NO3
- + NO2

-, PO4
3-, silicic acid (H4SiO4), and ammonium (NH4

+), as 

well as dissolved organic carbon (DOC), total dissolved nitrogen (TDN), and total dissolved 

phosphorus (TDP) were taken from each carboy at 24-hour intervals from the start of incubation, 

filtered through a pre-combusted (6 h at 500 °C) GF/F (Whatman®) filters, and stored frozen 

until analysis. Concentrations of NO3
- + NO2

- (USEPA 353.4, DL= 0.1 µmol L-1), PO4
3- (USEPA 

365.5, detection limits ( DL) = 0.1 µmol L-1), H4SiO4 (USEPA 366, DL= 1.0 µmol L-1), NH4
+ 

(USGS I-2525, DL= 1.0 µmol L-1), and TDP (USGS 4650-03, DL= 0.5 µmol L-1) were 

determined using a Technicon Pulse II AutoAnalyzer (Mequon Technology Center, Mequon, 

Wisconsin). 

 Nutrient uptake was calculated for NO3
- + NO2

-, PO4
3-

, and H4SiO4 by subtracting the 
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concentration of a nutrient at the time of peak phytoplankton biomass (tp) from the concentration 

of that nutrient (from the corresponding replicate) before the start of the incubation (t0).  

 

MICROBE BIOMASS AND COMMUNITY COMPOSITION  

Filters used for nutrient samples were saved frozen (-80˚C) in the dark for chlorophyll a (Chl a) 

analysis. Chl a and in vivo fluorescence (IVF) were measured on a fluorometer (Turner Designs 

Model 10AU) using a method modified from U.S. EPA method 445.0. During experiments, total 

phytoplankton biomass was measured daily as in vivo fluorescence (relative fluorescence units 

(RFU)) (Turner Designs Model 10AU). In vivo fluorescence was ground-truthed with a subset (n 

= 122) of extracted Chl a measurements from different experiments (Chl a (mg m-3) = 

5.3904IVF+0.3065, R2 = 0.94, p < 0.001). 

 

 Flow cytometry was used on separate subsamples to measure the pico- and 

nanophytoplankton (<20 mm cell diameter) fraction of phytoplankton biomass and free-living 

heterotrophic bacteria. These samples were also collected at 24-hour intervals from the time 

incubation commenced. For phytoplankton and bacterial cell abundance and size analyses, 2-mL 

aliquots from each treatment bottle were added to prepared 15 mL vials containing 

gluteraldehyde, to yield a final concentration of 0.5% gluteraldehyde. Samples were kept on ice 

for 30 min then transferred to a -80˚C freezer until analysis. Thawed samples were analyzed 

using an Accuri C6 flow cytometer. Absolute count and fluorescence calibrations were 

performed for every sample run using Countbrite absolute counting beads (Invitrogen) and 8-

peak validation beads (Spherotech). The flow cytometer was calibrated for cell size using flow 

cytometry bead standards (0.5 – 23 mm). Following phytoplankton analysis, SYTO BC green 
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fluorescent nucleic acid stain (Invitrogen) was added to sample wells for analysis of bacterial 

populations. 

All flow cytometry data were exported to FLOWJO Version 7.6 flow cytometry analysis 

software for output of abundance, size (forward scatter), and fluorescence (red and orange for 

phytoplankton, green for bacteria) characteristics. Output was divided by size and fluorescence 

characteristics into: red picoplankton (those that fluoresce under laser channel FL3, exhibiting 

Chl a fluorescence), orange picoplankton (those that fluoresce under laser channel FL2, 

exhibiting phycobilin fluorescence), and red nanoplankton. For this study, we focused on total 

equivalent spherical volume per mL (ESV/mL) and average equivalent spherical diameter 

(ESD), which reflect biomass and cell-size of the collective pico- and nanophytoplankton (<20 

mm cell diameter) populations in our bioassays (Table 1). Response ratios relative to the control 

were calculated for biomass measured in both RFU and ESV in order to account for bottle 

effects. Additionally, acid Lugols iodine solution was added to 100 mL aliquots removed from 

each biotainer for light microscopy and scanning electron microscope (SEM) analyses. 

 

BIOMASS LIMITATION 

To examine nutrient limitation, we used the interaction response ratio index (IRR) used in 

other studies (Harpole et al. 2011; Dorado-García et al. 2014). The IRR is centered on zero, and 

used to compare the effect of simultaneous addition of N and P to the sum effect of individual 

addition of N and P: 

 

IRR = [(N+P) + Control) – (Nalone + Palone)]/Control                                    Eq.1 
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Control, +N, +P, and N+P represent the mean value of peak biomass for each treatment. Rather 

than using the critical threshold of 1.385 to represent a 95% confidence (Harpole et al. 2011), the 

associated error of IRR was calculated using the standard propagation of error equation for 

standard deviation (s.d.), keeping the threshold at zero (Dorado-García et al. 2014). IRR greater 

than zero (IRR±s.d.>0) indicate super-additive independent co-limitation (or synergistic co-

limitation). IRR equal to zero (IRR±s.d.=0) indicate one of three relationships: 1) no response, if 

neither N or P response ratio are significant, 2) single nutrient limitation, if only one response 

ratio for N or P is significant, 3) additive (or additive independent co-limitation), if both N and P 

response ratios are significant, but the sum of both are less that the response for ratio for 

simultaneous N and P. IRR less than zero (IRR±s.d.<0) indicates an antagonistic response 

(Allgeier et al. 2011). 

 

GROWTH RATES 

 Growth rates of phytoplankton were calculated using a metric of relative response to 

compare nutrient effects on growth rates. Growth rates are reported as Δr values, which are a 

measure of treatment growth rate relative to the growth rate of the control (eq. 2) (Downing et al. 

1999) , where Nt,E represents phytoplankton biomass (in RFU or mm3 mL-1) of an experimental 

treatment, Nt,C represents phytoplankton biomass in the control, and t is time (in days) over 

which exponential growth occured:  

                                                              Eq. 2 !r =
ln Nt,E

Nt,C
"

#
$

%

&
'

t
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Phytoplankton growth rates were calculated using both RFU and ESV values. Bacterial growth 

rates were not calculated because cell counts did not increase in an exponential trend. Responses 

with 95% confidence intervals (α = 0.05), excluding 0, were considered significant. 

 

STATISTICAL ANALYSES 

All statistical analyses were performed in R (v. 3.1.1). In situ values for temperature and 

salinity were measured with a Castaway CTD, at the time that the 20-L carboys were filled. 

Values for initial phytoplankton biomass (ESV and RFU), average phytoplankton size (ESD), 

bacteria cell abundance, NO3
-+NO2

-, PO4
3-, and H4SiO4 were based on samples taken at t0 before 

the start of incubation. We assumed no significant changes to these factors between time of water 

sample collection and time of sampling at the laboratory (~3-4 hrs.). Paired Wilcoxon tests were 

used to determine differences between in situ/initial measurements using R 3.1.1 GUI 1.65. All 

factors were grouped by site (Kīholo or Kaloko), and then by location (in- or out-of-plume) for 

analysis. 

Two-way analyses of variance (ANOVA) were analyzed by site to determine if location, 

treatment, and the interaction between location and treatment affected relative phytoplankton 

biomass (response ratios), ESD, relative growth rates (∆r), and nutrient uptake rates. Tukey’s 

post hoc tests were used to resolve specific differences among treatments. Two-way ANOVAs 

were also used to compare differences in concentrations of nutrients (NO3
-+NO2

-, PO4
3-, H4SiO4) 

for treatments (C, +N, +P, +N+P) by time (peak vs. initial). Nutrient concentrations that were 

significantly lower at the time of peak biomass (tp) than at the start of the incubation (t0), were 

considered to be indicative of significant nutrient uptake. 
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RESULTS 

IN SITU CONDITIONS 

 At Kaloko, temperature (p=0.400), salinity (p=0.057), NO3
-+NO2

- (p=0.057), and H4SiO4 

(p=0.057) were similar between in- and out-of-plume locations. Likewise, all measurements of 

phytoplankton abundance and size were similar between locations (RFU, p=0.057; ESD, 

p=0.400; ESV, p=0.857). Bacteria cell-counts were not different between locations (p=0.229). 

No significant differences in any of the physical, chemical or biological factors in- or out-of-the-

plume (Table 2, Table 3) suggest less SGD influence at Kaloko than Kīholo. In situ N:P:Si ratios 

at Kaloko suggested potential N-limitation in- and out-of-the- plume, with an excess of Si in both 

areas (Table 4). 

At Kīholo, average salinity in situ (at time of collection) was 11 psu lower in-plume than 

out-of-plume (p=0.029) (Table 2), while all nutrients were significantly higher in-plume (Table 

2): 18 µmol L1- for NO3
-+NO2

- (p=0.029), 0.8 µmol L1- for PO4
3- (p=0.0294), and 196 µmol L1- 

for H4SiO4 (p=0.029). Average equivalent cell diameter (ESD) of pico- and nanophytoplankton 

was 2.22 µm greater in-plume (p=0.029) (Table 3). No significant differences were found 

between water temperature (p=0.686) (Table 2), RFU (p=0.2454), ESV (p=0.6857), or bacteria 

cell counts (p=0.486) (Table 3). In situ N:P:Si ratios at Kīholo suggested potential P-limitation 

in-the-plume and potential N-limitation out-of-the plume, with an excess of Si in both areas 

(Table 4). 

 

BIOMASS RESPONSE RATIOS 

 At Kaloko, bioassays tended to accumulate less phytoplankton biomass than those 

conducted with water from Kīholo (Table 6). Similar to Kīholo, biomass increased in all 
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treatments, and the greatest accumulation occurred in +N+P treatments (Fig. 3). Treatment and 

location each had a significant effect on response ratios of total phytoplankton biomass (RFU) 

(Table 5). In-plume, RFU response ratios were significantly greater than zero for +N and +N+P 

(Fig. 4), but no significant differences between treatments were found (Tukey’s MCA).  Out-of-

plume, response ratios for RFU were significantly > 0 for all nutrient treatments (Fig. 4a), with 

asignificantly greater responses to +N (p=0.012) and +N+P (p=0.000), than to +P (Fig. 4a).  

Treatment and location alone also had a significant effect on response ratios of pico- and 

nanophytoplankton (Table 5). The response ratio for ESV was not different from zero for any 

treatment in-plume (Figure 4c). Response ratios for ESV at Kaloko were significantly >0 for +N 

and +N+P treatments out-of-plume (Figure 4c); the response to +N+P was significantly greater 

than +P (p=0.004). The +N+P treatments stimulated greater responses (relative to starting 

biomass) out-of-plume than in-plume for both RFU (p=0.002) and ESV (p=0.044), although 

peak biomass (absolute value) was greater in-plume (Table 6). Total phytoplankton biomass 

exhibited serial limitation in-plume, and independent, co-limitation out-of-plume,. Pico- and 

nanophytoplankton exhibited serial limitation by N in-plume, and N limitation out-of-plume 

(Table 7).  

At Kīholo, representative time series of phytoplankton biomass over the course of the 

bioassay, show the accumulation of biomass across all treatments, with the greatest increases in 

+N+P treatments (Figure 2). There was a significant interaction between both location and 

treatment for response ratios of total phytoplankton biomass (RFU) (Table 5). The response ratio 

of RFU was significantly > 0 for all treatments (Figure 4b), but +N+P treatments showed a 

significantly greater response than +N (p=0.026) and +P (p=0.001) alone.  In-plume, both +P and 

+N+P a significantly affected on RFU biomass to a similar degree (Figure 4b). Both +N and 
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+N+P elicited greater response ratio out-of-plume than in-plume (p=0.042 and p=0.006, 

respectively). However, on average, in-plume treatments accumulated more biomass than out-of-

plume treatments (Fig. 2, Table 6). The +N+P treatments in-plume produced a significant, but 

relatively small, response in biomass measured in ESV (Figure 4d, Table 6). In-plume, total 

phytoplankton biomass indicated synergistic co-limitation, specifically serial limitation by N, 

and out-of-plume, total biomass indicated super additive, independent co-limitation (Table 7). 

Pico- and nanophytoplankton showed simultaneous co-limitation in-plume, and no-limitation 

out-of-plume, similar to Kaloko (Table 7).  

 

NUTRIENT BIOASSAY ∆r COMPARISONS 

Kaloko. Similar to Kiholo, treatments produced a significant increase in Dr among total 

phytoplankton biomass, but not among pico- and nanophytoplankton. There was a significant 

location and treatment interaction on ∆r of total phytoplankton biomass (Table 8a). In-plume at 

Kaloko, treatments had no effect on ∆r (Fig. 5a). Out-of-plume, all treatments resulted in 

significantly higher ∆r compared to the control (Fig. 5a). The ∆r for +N+P produced a greater 

response in growth rate than +P alone (p=0.044), but was similar to the ∆r for +N treatments 

(Fig. 5a). The ∆r values out-of-plume were greater than corresponding values in-plume for +N 

(p=0.021) and +N+P (p=0.024) treatments (Fig. 5a). Neither location, treatment, nor interactions 

between both factors significantly affected ∆r values of pico- and nano-phytoplankton (Table 8). 

In-plume, the treatments had growth rates that were similar to the control (Fig. 5c). For pico- and 

nanophytoplankton, ∆r of all out-of-plume treatments were significant based on the confidence 

interval, while all ∆r of in-plume treatments were not significant (Fig. 5c) However, differences 

in ∆r between locations for +P (p=0.100), +N (p=0.984), and +N+P (p=0.969) were all 
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insignificant (Fig. 5c). Based on nutrient responses, growth rate of total phytoplankton biomass 

was not nutrient limited in-plume, but N-limited out-of-plume (Table 9). Nutrient limitation was 

not observed for pico- and nano-phytoplankton growth rate either in- or out-of-plume (Table 9). 

Kīholo. Nutrient treatments produced a significant response in Dr among the total 

phytoplankton biomass (RFU), which was not accompanied by a similar response among the 

pico- and nanophytoplankton (Fig. 5b, Fig. 5d). Location also significantly affected the ∆r of 

total phytoplankton biomass (RFU) at Kīholo (Table 8a). In-plume, both +P and +N+P 

treatments produced a significant increase in ∆r (Fig. 5b). Out-of-plume, +N and +N+P 

treatments produce a significant increase in Dr, and +N+P treatments showed significantly 

greater ∆r than the +P treatments (Fig. 5b).  Location, treatment, and the interaction between 

both did not  affect ∆r of pico- and nanophytoplankton (Table 8b, Fig. 5d). Out-of-plume, +N 

and +N+P treatments produced faster growth rates than the controls for the pico- and nano-

phytoplankton (Fig. 6d). There was no significant effect of either treatment (p=0.277) or location 

(p=0.286) on growth rate of this smaller size fraction of phytoplankton (Table 8b). Growth rate 

of total phytoplankton biomass was P-limited in-plume, but N-limited out-of-plume (Table 9). 

As at Kaloko, nutrient limitation was not observed for pico- and nano-phytoplankton growth rate 

either in- or out-of-plume (Table 9). 

 

MICROSCOPY 

 Kaloko. Cell counts of phytoplankton 10-20 µm and >20 µm were greater at the time of 

peak biomass (tp) than at the start of incubation (t0) in +N+P treatments (Fig. 6a). No 

phytoplankton larger than 10 µm were counted at t0 for either in- or out-of-plume bioassays. At 

tp, both large nanophytoplankton (10-20 µm) and microphytoplankton (>20 µm) were counted 
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(Fig. 6a). Microphytoplankton abundance was similar between in- and out-of-plume bioassays; 

however, there were more large nanophytoplankton found in out-of-plume samples than in-

plume samples (Fig. 6a). Microphytoplankton found at tp in +N+P treatments included Melosira 

sp.  (Fig. 7a), pennate diatom species (Fig. 7b), Bacillaria paxillifer (Fig. 7c), Chaetoceros sp. 

(Fig. 7d), and Biddulfia sp. (Fig. 7e). 

 Kīholo. Similar to Kaloko, cell counts were greater at the time of peak biomass (tp) than 

at the start of incubation (t0) in +N+P treatments (Fig. 6b). Both in- and out-of-plume bioassays 

showed similar patterns. Microphytoplankton abundance were comparable between in- and out-

of-plume locations, but larger nanophytoplankton were more abundant out-of-plume (Fig. 6b). 

In-plume cell abundance had smaller numbers of microphytoplankton at t0, while out-of-plume 

cell abundances indicated an absence of phytoplankton 10 µm or larger (Fig. 6b). Out-of-plume 

+N+P treatments also had a greater number of large nanophytoplankton (10-20 µm) than in-

plume (Fig. 6b). Microphytoplankton found at tp in +N+P treatments included Cylindrotheca sp. 

(Fig. 7f), Halamphora sp. (Fig. 7g), Melosira sp. (Fig. 7h), Melosira sp. (Fig. 7i), and 

Skeletonema sp. (Fig. 7j). Out-of-plume, Protoperidinium sp. (Fig. 7k (right)), Strombidium sp. 

(Fig. 7k (left)), two additional dinoflagellates (Fig. 7l, Fig. 7m), an araphid diatom (Fig. 7n), and 

a tinntinid (Fig. 7o) were found +N+P treatments at tp. 

 

NUTRIENT DRAWDOWN DURING THE BIOASSAY EXPERIMENTS 

Kaloko. Uptake of NO3
-+NO2

- and PO4
3- varied significantly with treatment and 

groundwater plume location at Kaloko (Table 10).  The highest uptake of nutrients was observed 

in the +N+P treatment inside the plume (Fig. 8a, Fig.8b). As at Kīholo, only +N+P treatments of 

in-plume water led to significant uptake of  PO4
3-  (p=0.026) and NO3

-+NO2
- (p=0.012) (Table 
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11, Fig. 8a, Fig. 8b). Outside the plume, there was no significant uptake of NO3
-+NO2

-, PO4
3-, or 

H4SiO4 in any of the treatments (Table 10, Fig. 8a, Fig. 8b, Fig. 8c).  

Kīholo. Uptake of NO3
-+NO2

- and PO4
3- varied signficantly with treatment and location 

(Table 10). In-plume, uptake of NO3
-+NO2

- was greater in +N+P treatments (Fig. 8d), and uptake 

of PO4
3- was greater in the two P treatments (+P and +N+P) (Fig. 8e). Uptake of PO4

3- and NO3
-

+NO2
- was only significant (p=0.045 and p=0.000, respectively) in +N+P treatments conducted 

with in-plume water (Table 10, Fig. 8b, Fig. 8d). Outside the plume, there was no signficant 

uptake of nutrients in treatments (Table 11). H4SiO4 varied with location, and had greater uptake 

inside the plume than outside of it (Table 8, Fig. 8f).    

DISCUSSION 

 This study addressed the question of whether or not phytoplankton growing in the coastal 

ocean of West Hawai‘i Island were limited by inorganic nutrients, N and P. Importantly, this area 

of the coastal ocean is influenced by SGD, generating brackish surface plumes extending out 

from the shoreline where inorganic nutrient concentrations are greatly enhanced relative to the 

surrounding, oligotrophic coastal ocean (Garrison et al. 2003; Johnson et al. 2008; Peterson et al. 

2009; Knee et al. 2010). Although inorganic nutrients in Hawaiʻi Island groundwater come from 

a combination of natural and anthropogenic sources (Dollar and Atkinson 1992, Vitousek et al. 

1997; Paytan et al. 2006), it is anticipated that nutrients levels will increase with coastal 

development and spread of some invasive species (Parsons et al. 2008). The results of this study 

provide experimental evidence that elevated nutrient loading will affect phytoplankton biomass 

and composition in the coastal zone of West Hawai‘i Island and suggest approaches to managing 

ocean resources around oceanic islands that have similar SGD entering the coastal ocean.  
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IN SITU CONDITIONS 

Although Chl a and phytoplankton biomass tended to be higher at Kīholo than Kaloko 

(Table 3), both sites reflected an oligotrophic environment, both inside and outside the SGD 

plumes. A similar conclusion can be drawn from in situ abundance of heterotrophic bacteria and 

average phytoplankton cell size, which match measurements reported by other researchers 

working in offshore regions of the North Pacific ocean (Landry and Kirchman 2002). 

Observations of low microbial biomass at SGD sites despite elevated nutrient levels have been 

interpreted as either indicating potential limitation by a micronutrient (Knee et al. 2010) or as a 

consequence of the short residence time of Hawaiian coastal waters estimated as 1-2 days (Knee 

et al. 2008; Carlson 2013). While no evidence has been published in support of the micronutrient 

hypothesis, observations of phytoplankton accumulation in confined areas of the Hawaiian 

coastline, including small embayments and traditional Hawaiian fishponds (Bienfang 2007), 

suggest residence time is a critical factor affecting the accumulation of phytoplankton along the 

Hawaiʻi coastline. 

In our experiments, all bioassay treatments produced some increase in biomass, including 

the controls, suggesting that the current nutrient concentrations in situ at both sites, both in- and 

out-of-plume, are sufficient to produce increases in phytoplankton biomass, given increased 

residence times. The accumulation of biomass within in these experiments represent a residence 

time of four days, the duration of the incubation, although biomass peaked as early as two days 

in some bioassays. Residence time can be influenced by rate of groundwater discharge (Peterson 

et al. 2009; Johnson and Wiegner 2013), as well as prevailing winds and tides (Safak et al. 

2015). Increased land use for agricultural, building or industrial purposes have also been 
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correlated with decreases in groundwater (Yan et al. 2006), which can also decrease residence 

time via decreased SGD flow (Peterson et al. 2009). Studies have suggested that mesoscale 

eddies play an important role in both the dispersal of larva and the retention of larva nearshore in 

Hawaiʻi (Lobel 1989, Lobel 2011). On the island of Maui, smaller, localized eddies forming over 

the reef along with cross-shore horizontal velocity shear can retain particulate matter close to 

shore (Storlazzi et al. 2006). This effect is likely greatest during the summer months when the 

surf-induced mixing is minimal (Storlazzi et al. 2006). If mesoscale and submesoscale eddies can 

alter water circulation on a local scale in Hawaiʻi (Lobel 1989; Storlazzi et al. 2006; Lobel 

2011), they may also be a contributing factor to changes in residence time and subsequent 

accumulation of phytoplankton. With an estimated residence time of less than two days at Kīholo 

(Waters 2015), and likely shorter at Kaloko, the increases in biomass seen in these bioassays 

would not be observed to the same extent, if at all, without contribution from physical conditions 

increasing the residence time of waters at these sites. The remainder of my results interpretation 

focuses on differences between treatments relative to the controls, wherein the effects of bottling 

are experimentally removed. 

 

BIOASSAYS 

Measured N:P ratios of control treatments suggested that phytoplankton biomass out-of-

plume at both sites was potentially N-limited (Table 4), and potentially P-limited in-plume at 

Kiholo, but bioassay results supported dual limitation (Fig. 4, Table 7). Nitrogen limitation for 

the oligotrophic ocean surrounding the main Hawaiian Islands is expected (Vitousek and 

Howarth 1991; Elser et al. 2007).  Out-of-plume nutrients concentrations indicated oligotrophic 

conditions; however, inorganic N:P ratios were higher than those seen in the NE Pacific 
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oligotrophic open ocean where N:P ratios near the surface average 1 or less due to higher 

concentrations of P (Karl et al. 2001). In situ, in-plume N:P ratios at Kaloko (13:1) and Kīholo 

(21:1) reflected moderate deviations from the Redfield ratio in comparison with other coastal 

embayments (Ringuet and Mackenzie 2005; Swarzenski et al. 2007; Su et al. 2011; Wu et al. 

2014). Ratios of inorganic N:P in our study (13:1) were consistent with previous nutrient data for 

Kaloko during the dry season (Johnson 2012), but our concentrations of both NO3
- + NO2

- and 

PO4
3- were higher. Our N:P ratio for Kīholo (21:1) was lower than previously reported for the 

dry season, approximately 47:1 (Johnson 2012), due to higher PO4
3- concentrations. The N:P 

ratios of many coastal regions exhibit seasonal patterns, with higher N:P ratios correlating to 

snowmelt or increases in precipitation (Waska and Kim 2011; Pavlidou et al. 2014; Lee et al. 

2008). These seasonal variations may also overlay trends in land-use, which can also impact 

nutrient ratios in SGD (Tait 2014), and therefore, the degree of nutrient limitation in-plume at 

our sites. Despite predictions that might have been made from observed starting nutrient ratios 

(Table 4), a major pattern found in this study was a greater magnitude of peak biomass response 

to combined +N+P compared to single nutrient additions  (Fig. 4a, Fig. 4b, Fig. 4c, Fig. 4d).  

Meta-analysis of nutrient enrichment bioassays performed worldwide have found that 

phytoplankton biomass in marine environments generally respond to both N and N+P treatments, 

with a greater magnitude of response to combined nutrients (Elser et al. 2007). This observation 

supports the idea that dual limitation is occurring in this oligotrophic environment (sensu Moore 

et al. 2008), and that this needs to be considered when establishing management and monitoring 

protocols for this and other similar areas.  

Δr is used as a means of quantifying the magnitude of nutrient limitation, allowing 

comparison of specific growth rates following nutrient additions among experiments performed 



28	  
	  

in different environments (Downing et al. 1999). Our calculations of Dr are informative both in 

comparison with other studies, as well as in comparison among phytoplankton response variables 

(total biomass vs. pico- and nanophytoplankton). Considering total phytoplankton biomass 

responses, out-of-plume Δr values at both sites are consistent with patterns for other bioassays 

conducted in oceanic and shelf waters (Downing et al. 1999), suggesting our selection of out-of-

plume locations were sufficiently outside the influence of the SGD plume. No response of Δr to 

any treatment indicates no growth rate limitation within the SGD plume at Kaloko, and only a 

small response to +P and +NP in-plume at Kiholo. The out-of-plume Δr values at Kīholo indicate 

growth rate limitation in the control and most closely resemble values seen in pristine waters 

(Downing et al. 1999).  

 Comparisons of the Dr response of total phytoplankton biomass (RFU) and the < 20 mm 

fraction (ESV) at Kiholo Bay supports the conclusion that larger phytoplankton were responsible 

for the majority of observed biomass increase in-plume, indicating a change in community 

composition during the bioassays. Responses of Δr (total biomass) in-plume to both +N and 

+N+P treatments (Figure 5b) were not accompanied significant responses in Δr ESV (Fig. 5d), 

suggesting that the significant phytoplankton accumulation in +N and +N+P (Kiholo, in-plume) 

treatments is attributed to larger phytoplankton size classes (>20 µm) or chain-forming diatoms 

producing aggregates too large to be counted by FCM. Light and electron microscopy, however 

(Fig. 6a, Fig. 6b), showed a proliferation of large cells including abundant diatoms, that were not 

detectable under starting conditions.  The availability of silica in excess, which typifies these and 

other SGD sites (Johnson et al. 2008), favor diatoms dominance in these bioassays (Table 4). 

This conclusion of ours is in line with several other studies, including both in situ observations of 

nutrient enrichment, as well as experimental enrichment, that have shown a shift in 
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phytoplankton dominance from picoplankton to larger cells, often diatoms, in response to N or 

N+Si additions (McAndrew et al. 2007, Baek et al. 2015). Egge and Aksnes (1992) propose that 

diatom dominance in phytoplankton communities is facilitated by silica concentrations of 2 µM 

and higher; criteria that are met in bioassays at both Kaloko and Kīholo with average initial silica 

concentrations ranging from 12 to over 200 µM (Table 4). Chamberlain et al. (2014) conducted 

mesocosm experiments in West Hawaii wherein picoplanktonic cyanobacteria declined as total 

Chl a biomass increased when coastal water was mixed with local sources of groundwater.  

Observations of cyclonic mesoscale eddies, natural oceanographic features that draw deep 

nutrients up to the ocean surface in the oligotrophic ocean leeward of Hawaii Island, revealed a 

phytoplankton community that was denser than oceanic communities outside the eddy, 

dominated by diatoms (Brown et al. 2008). Experimental additions of deep water to oligotrophic 

mixed-layer water produced a community shift from picoplankton to larger, Si-utilizing 

phytoplankton (McAndrew et al. 2007). Nutrient enrichment has been shown to stimulate 

diatoms in many bioassays (Gilpin et al. 2004; Loureiro et al. 2005; Baek et al. 2015) as well as 

in situ (Laws et al. 1999) given sufficient Si concentrations or Si:N ratios (Sommer 1994).  

 Only in-plume +N+P treatments showed significant uptake of nutrients (NO2
-+NO3

- and 

PO4
3-), indicating: 1) an in-plume community capable of using more nutrients than out-of-plume 

and 2) facilitation of greater uptake of one nutrient in the presence of another. Previous studies 

have reported little to no apparent biological uptake of SGD-derived nutrients in situ along the 

Kona coast (Dollar and Atkinson 1992; Johnson et al. 2008), which is consistent with nutrient 

drawdown results in our control treatments. Release from limitation of one nutrient facilitates 

limitation of the other, and in situations with balanced nutrient availability, these limitations 

alternate between both nutrients, allowing more growth than either nutrient alone (Elser et al. 
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2007; Davidson and Howarth 2007). Dollar and Atkinson (1992) suggest that any nutrient uptake 

along the West Hawaii coast may be masked by the high volume of nutrients flowing into the 

system via SGD. Instead, in our study we saw that significant uptake occurred only under further 

enriched conditions. The increase in residence time without additional nutrients (control) alone 

was not enough to produce significant changes in nutrient concentrations. Therefore, while 

enriched in N, P, and Si, uptake data indicate that primary production in-plume is still nutrient 

limited.  

This difference between in-plume and out-of-plume nutrient uptake could indicate a 

phytoplankton community in-plume that is better equipped, due to species composition or 

physiological condition, to utilize excess nutrients (Litchman et al. 2007; Danger et al. 2008; 

Finkel et al. 2010). As cell size increases, phytoplankton in eutrohphic conditions may benefit 

more from increased porter number than in oligotrophic conditions, where the benefit of higher 

porter density decreases due to low nutrient availability (Aksnes and Cao 2011). Out-of-plume, 

phytoplankton growth rates were more sensitive to nutrient additions and suggest more severe 

nutrient limitation, as expected based on low nutrient availability (Bukaveckas and Crain 2002; 

Wood and Bukaveckas 2014). At Kīholo, the significantly larger ESD of phytoplankton found 

in-plume indicates scaling of cell-size to nutrient conditions, in which optimal cell-size is 

determined by nutrient availability and surface area to volume ratios of phytoplankton cells 

(Hein et al. 1995, Mei et al. 2009). At Kaloko, in- and out-of-plume phytoplankton ESD did not 

differ from each other, which corresponds to the insignificant difference in nutrient conditions 

between locations (Table 3). These observations support the conclusion that the existing 

assemblage in-plume were pre-adapted to higher nutrient conditions, and explains why this 
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location showed the greatest degree of biomass accumulation and nutrient drawdown in our 

experiments.  

 The results of our study have implications for future management of these and similar 

sites. Actions or activities that can increase residence time (as little as 2 to 3 days) of water at 

these sites, can lead to increases in phytoplankton biomass and decreased water quality (Harding 

et al. 2014), as seen in our control treatments. This may include anthropogenic activities such as 

increased pumping of groundwater, which may reduce groundwater discharge and subsequently 

decrease flushing rates of water nearshore (Peterson et al. 2009; Huang et al. 2011). Our results 

indicate that enriched in-plume waters are still nutrient limited, meaning additional nutrients, 

specifically nitrate and phosphate, also have the potential to increase phytoplankton biomass. In 

addition to being found naturally in groundwater, nitrate and phosphate are commonly found in 

fertilizers (Sharpley et al. 2001) and sewage (Smith et al. 1981; Lapointe et al. 2010). Our results 

showed co-limitation of phytoplankton biomass by both nitrate and phosphate, supporting the 

importance of dual nutrient management in SGD-fed systems. In addition to decreased water 

quality, increased nutrient loading can cause shifts in phytoplankton communities, from smaller 

pico- and nanophytoplankton to larger microphytoplankton, as seen in this study, which may 

impact both pelagic and benthic food web dynamics (Furnas et al. 2005). While increased 

residence times or nutrient inputs alone can negatively impact these coastal ecosystems, either 

change in concert with other stressors such as anthropogenic nutrification, warming sea water 

temperatures or heavy runoff (Fabricius 2005) can have greater synergistic impacts on 

ecosystems (Selkoe et al. 2009; Blanco et al. 2011). One such synergistic impact is the increased 

prevalence and severity of coral diseases (Haapkylä et al. 2011). Future development of lands 

surrounding coral reef ecosystems should consider the impact to quality and quantity of 
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groundwater discharge as well as the any interactions with other environmental factors, both 

current and predicted.  
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TABLES 
Table 1. Summary of terms. 

Abbr. Term Units Definition Relevance 

IVF In-vivo fluorescence 
Relative 
fluorescence 
units (RFU) 

Units of measurement for in vivo fluorescence used to 
determine relative phytoplankton biomass.  

Total phytoplankton 
biomass 

ESV Equivalent spherical 
volume mm3 mL-1 Volume of phytoplankton per mL, determined by 

approximating cell shape to a sphere. 
Pico- and 
nanophytoplankton biomass 

ESD Equivalent spherical 
diameter mm Diameter of phytoplankton cells determined by 

approximating cell shape to a sphere. 
Average cell-size of pico- 
and nanophytoplankton 

SC Synergistic  
co-limitation  

Limitation of phytoplankton biomass production by two 
resources, in which the accumulation of biomass is greater 
with the addition of both resources than either resource alone. 

Type of nutrient limitation 

 Simultaneous  
co-limitation  Biomass response occurs only with the addition of both 

resources (Harpole 2011). Subcategory of SC 

 Independent  
co-limitatation  

Biomass response occurs with the addition of each nutrient 
alone, but the response to both in combination is greater 
(Harpole 2011). 

Subcategory of SC 

 Serial limitation  
Biomass response to only one resource occurs when 
introduced individually, but a greater response is elicited 
when both resources are introduced (Harpole 2011). 

Subcategory of SC 
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Table 2. Average (±S.E.) of physical and chemical parameters for each collection site. Temperature and salinity were measured in 
situ, while all other initial measurements were taken from control treatments at t0. Statistically significant differences (α≤0.05) 
between in-plume and out-of-plume locations within each site were determined using Wilcoxon sum rank tests (Kaloko n=3, Kīholo 
n=4), and are indicated by a asterisk (*). 
 
Site Location Temperature (˚C) Salinity (PSS) NO2

-+NO3
- (µM) PO4

3- (µM) H4SiO4 (µM) 

Kaloko 
in-plume 24.78 (0.77) 32.11 (1.25) 8.91 (2.07) 0.70 (0.22) 73.27 (6.87) 
out-of-plume 26.68 (0.31) 35.33 (0.11) 0.88 (0.25) 0.12 (0.05) 11.93 (2.14) 

Kīholo 
in-plume 25.57 (0.34) 26.41 (1.74) 19.02 (3.16) * 0.90 (0.14) * 215.16 (40.64) * 
out-of-plume 25.84 (0.32) 35.42 (0.04) * 1.42 (0.42) 0.12 (0.06) 18.65 (7.82) 
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Table 3. Average (±S.E.) parameters for each collection site. All biological measurements were taken from control treatments at t0. 
Statistically significant differences (α≤0.05) between in-plume and out-of-plume locations within each site were determined using 
Wilcoxon sum rank tests (Kaloko n=3, Kīholo n=4), and are indicated by a asterisk (*). 
 
Site Location RFU Chl a (µg/L) Bacteria (Cells/mL) ESD  (mm mL-1) ESV  (mm3 mL-1) 

Kaloko 
in-plume 0.02 (±0.01) 0.06 (±0.05) 5.53×103 (1.27×103) 1.83 (0.69) 1.55×105 (9.98×104) 
out-of-plume 0.01 (±0.01) 0.05 (±0.08) 8.30×103 (1.83×103) 1.31 (0.37) 1.34×105 (3.36×104) 

Kiholo 
in-plume 0.05 (±0.02) 0.15 (±0.15) 8.20×103 (1.23×103) 3.34 (0.95) * 2.45×105 (7.70×104) 
out-of-plume 0.02 (±0.02) 0.15 (±0.19) 1.02×104 (1.29×103) 1.12 (0.08) 1.63×105 (3.06×104) 
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Table 4. Average (±S.D.) initial concentrations (µM) of nutrients before the start of incubation (t0). (N represents DIN 
(NH4+NO2+NO3)). 

     
Site Location Treatment NH4

+ NO2
-+NO3

- PO4
3- H4SiO4 N:P:Si 

Kaloko 

in-plume 

control 0.51 (0.48) 8.92 (4.13) 0.70 (0.32) 73.27 (12.81) 13:1:105 
+N 0.48 (0.51) 108.19 (4.08) 0.59 (0.36) 80.23 (20.59) 184:1:135 
+P 0.54 (0.63) 9.18 (4.04) 7.03 (0.49) 81.89 (20.74) 1:1:12 
+N+P 0.59 (0.71) 104.37 (12.61) 6.70 (0.43) 82.41 (30.54) 16:1:12 

out-of-plume 

control 0.60 (0.77) 0.88 (0.54) 0.12 (0.11) 11.93 (4.70) 13:1:103 
+N 0.55 (0.60) 96.00 (8.54) 0.11 (0.11) 12.05 (3.03) 869:1:109 
+P 0.60 (0.49) 1.05 (0.42) 6.08 (0.62) 12.86 (3.13) 1:4:2 
+N+P 0.53 (0.70) 95.16 (8.49) 5.90 (0.78) 12.43 (2.37) 16:1:2 

Kīholo 

in-plume 

control 0.71 (0.34) 19.02 (6.96) 0.90 (0.32) 215.16 (80.03) 22:1:239 
+N 0.70 (0.36) 121.94 (10.35) 0.86 (0.31) 195.26 (66.83) 143:1:228 
+P 0.71 (0.40) 18.85 (6.81) 8.33 (2.30) 195.55 (44.35) 2:1:23 
+N+P 0.80 (0.47) 121.89 (8.31) 8.07 (1.98) 174.52 (60.58) 15:1:23 

out-of-plume 

control 0.18 (0.00) 1.42 (0.92) 0.12 (0.13) 18.65 (17.27) 13:1:152 
+N 0.18 (0.00) 73.74 (48.43) 0.11 (0.12) 18.46 (15.27) 652:1:163 
+P 0.18 (0.00) 1.71 (1.01) 7.43 (2.57) 19.11 (16.64) 1:4:3 
+N+P 0.18 (0) 95.78 (9.14) 7.28 (2.42) 18.73 (16.89) 13:1:3 
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Table 5. Response ratios of total biomass (in RFU) and pico- and nanophytoplankton biomass (as ESV). Results from two-way 
ANOVAs are shown in table with statistically significant differences (α≤0.05) indicated by an asterisk (*). 
 
 
 Site Factor Df Sum Sq Mean Sq F value Pr(>F)  

RFU 

Kaloko Location 1 5.226    5.226   25.181    <0.001 * 

 Treatment 2 9.333    4.666   22.484 <0.001 * 

 Location:Treatment 2 0.683    0.341    1.645    0.233      
Kiholo Location 1 4.580 4.580 38.775 <0.001 * 

 Treatment 2 4.762 2.381 20.156 <0.001 * 

 Location:Treatment 2 1.385 0.692 5.861 0.012 * 

ESV 

Kaloko Location 1 4.219 4.219 13.026 0.004 * 

 Treatment 2 5.759 2.879 8.891 0.004 * 

 Location:Treatment 2 0.242 0.121 0.373 0.696  
Kīholo Location 1 0.405 0.4052 1.148 0.299  

 Treatment 2 3.001 1.5005 4.249 0.032 * 

 Location:Treatment 2 0.063 0.0313 0.089 0.916  
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Table 6. Average (±S.D.) peak biomass measured in both RFU and ESV (mm3 mL-1) for 
bioassay experiments.  
 
Site Location Treatment Peak RFU Peak ESV 

Kaloko 

in-plume 

control 0.906 (0.042) 3.99×106 (1.75×106) 

+N 1.424 (0.130) 4.53×106 (6.01×105) 

+P 0.776 (0.483) 3.09×106 (2.90×106) 

+N+P 2.449 (1.073) 6.27×106 (1.08×106) 

out-of-plume 

control 0.224 (0.013) 9.15×105 (1.92×105) 

+N 0.969 (0.068) 3.69×106 (1.78×106) 

+P 0.293 (0.060) 9.79×105 (2.69×105) 

+N+P 2.793 (0.947) 4.91×106 (1.59×106) 

Kīholo 

in-plume 

control 3.24 (0.573) 1.84×107 (6.22×106) 

+N 3.429 (0.495) 2.45×107 (1.19×107) 

+P 3.938 (1.122) 1.62×107 (7.40×106) 

+N+P 6.612 (2.169) 3.89×107 (1.64×107) 

out-of-plume 

control 0.529 (0.370) 7.69×106 (7.46×106) 

+N 1.185 (0.814) 1.30×107 (5.00×106) 

+P 0.654 (0.416) 7.07×106 (5.76×106) 

+N+P 3.498 (2.447) 2.06×107 (3.40×106) 
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Table 7. Summary of nutrient limitation of biomass was determined using both Interaction Response Ratio (IRR) (±S.D) and biomass 
response ratios (Figure 4). An “X” indicates significant (α<0.05) responses of biomass to treatment (+N, +P, +N+P), based on Tukey’s 
mca. 
 

 
Site Location IRR RFU 

 Signficant responses 
Limitation (IRR) 

+N +P +N+P 

RFU 
Kaloko 

in-plume 1.27 (0.73) IRR > 0 X  X SC (simultaneous co-limitation) 
out-of-plume 7.77 (3.76) IRR > 0 X X X SC (independent co-limitation) 

Kīholo 
in-plume 1.01 (0.62) IRR > 0  X X SC (simultaneous co-limitation) 
out-of-plume 3.48 (2.78) IRR > 0 X X X SC (independent co-limitation) 

ESV 
Kaloko 

in-plume 0.82 (0.58) IRR > 0    None 
out-of-plume 1.37 (1.83) IRR = 0 X  X N-limitation 

Kīholo 
in-plume 0.79 (0.54) IRR > 0    None 
out-of-plume 1.56 (1.94) IRR = 0   X None 
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Table 8. Results from two-way ANOVAs examining the effect of location, treatment, and the interaction between both factors for ∆r 
(calculated using RFU) and ESV). Significant differences (α≤0.05) are indicated by an asterisk (*). 
 
∆r Site Factor df Sum Sq Mean Sq F value Pr(>F)  

RFU 

Kaloko 

Location 1 0.609 0.609 22.560 <0.001 * 
Treatment 2 0.212   0.106    3.920 0.049 * 
Location:Treatment 2 0.193   0.096 3.566 0.061  
Residuals 12 0.324   0.027    

Kīholo 

Location 1 0.854 0.854 9.831 0.006 * 
Treatment 2 0.616 0.308 3.547 0.052  

Location:Treatment 2 0.592 0.296 3.406 0.057  

Residuals 17 1.477 0.087   
 

ESV 

Kaloko 

Location 1 0.024 0.024    0.824   0.382  

Treatment 2 0.011 0.005    0.182   0.836  

Location:Treatment 2 0.006 0.003    0.106   0.901  

Residuals 12 0.348 0.029                   

Kīholo 

Location 1 0.005 0.005    0.134 0.719  

Treatment 2 0.164 0.081    2.101 0.153  

Location:Treatment 2 0.010 0.005 0.124 0.884  

Residuals 17 0.661 0.039    
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Table 9. Summary of nutrient limitation of biomass was determined biomass response ratios 
(Figure 5). An “X” indicates significant (α<0.05) responses of biomass to treatment (+N, +P, 
+N+P), based on Tukey’s mca. 
 

 
Site Location 

Signficant responses Limitation 
(ANOVAs) +N +P +N+P 

RFU 
Kaloko 

in-plume    None 
out-of-plume X X X N-limited 

Kīholo 
in-plume  X X P-limited 
out-of-plume X X X N-limited 

ESV 
Kaloko 

in-plume    None 
out-of-plume    None 

Kīholo 
in-plume    None  
out-of-plume    None 
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Table 10. Resutls from two-way ANOVAs comparing uptake of nutrients (NO2
-+NO3

-, PO4
3-, H4SiO4) in response to location (in- and 

out-of-plume) and treatment (control, +N, +P, +N+P). Significant differences (α≤0.05) are indicated by an asterisk (*). 
 

Nutrient Site  Df Sum sq Mean sq F value Pr(>F)  

NO2
-+NO3

- 

Kaloko 

Treatment 3 1183.1 394.4 3.895 0.029 * 
Location 1 801.2 801.2 7.913 0.013 * 
Treatment:Location 3 177.9 59.3 0.586 0.633  
Residuals 16 1619.9 101.2   

 

Kīholo 

Treatment 3 3013 1004 7.053   0.004 * 
Location 1 4524 4524   31.776 <0.001 * 
Treatment:Location 3 1592 531    3.728   0.035 * 
Residuals 15 2136 142                        

 

PO4 

Kaloko 

Treatment 3 11.176 3.725    5.906 0.007 * 
Location 1 3.852 3.852    6.107 0.025 * 
Treatmnt:Location 3 0.651 0.217    0.344 0.794     
Residuals 16 10.093 0.631   

 

Kīholo 

Treatment 3 35.52   11.840   25.069 <0.001 * 
Location 1 16.26   16.256   34.419 <0.001 * 
Treatment:Location 3 6.05    2.016    4.268    0.023 * 
Residuals 15 7.08    0.472                         

 H4SiO4 

Kaloko 

Treatment 3 817.3   272.44 1.570   0.236  
Location 1 99.4    99.41    0.573   0.460  
Treatment:Location 3 189.9 63.30    0.365   0.779  
Residuals 16 2776.9 173.56                  

 

Kīholo 

Treatment 3 1954 651 0.176 0.912  
Location 1 169282 169282 45.784 <0.001 * 
Treatment:Location 3 3514 1171 0.317 0.813  
Residuals 15 140501 3697   
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Table 11. Results from two-way ANOVAs comparing concentrations of NO2
-+NO3

-, PO4
3- and 

H4SiO4 for each treatment between t0 and tp. Multiple comparisons were made using Tukey’s 
HSD test to determine differences for nutrient concentrations within specific treatments. 
Significant adjusted p-values (α =0.05) indicate significant uptake of the nutrient within the 
given treatment and are indicated by an asterisk (*).  
 

   
NO2

-+NO3
- PO4

3- H4SiO4 
Site Location Treatment adj. p adj. p adj. p 

Kaloko 

in-plume 

control 0.966 0.985 1.000 
+N 0.181 0.988 1.000 
+P 0.972 0.637 1.000 
+N+P 0.012 *  0.026 * 1.000 

out-of-plume 

control 1.000 1.000 1.000 
+N 1.000 1.000 0.946 
+P 1.000 1.000 1.000 
+N+P 0.171 0.097 0.270 

Kīholo 

in-plume 

control 0.655 0.999 0.663 
+N 0.121 0.999 0.761 
+P 0.695 0.768 0.958 
+N+P 0.000 * 0.045 * 1.000 

out-of-plume 

control 1.000 1.000 0.999 
+N 0.957 1.000 0.636 
+P 1.000 1.000 0.998 
+N+P 0.832 0.923 1.000 



53	  
	  

FIGURES 

 
Figure 1. The two sites selected for this study were Kaloko-Honokōhau and Kīholo. Each point 
represents a separate water collection for a set of bioassays. White circles indicate water 
collected inside the influence of SGD (in-plume) and black circles indicate water collected 
outside the influence of SGD (out-of-plume). Maps by Natalie Kurashima. 
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Figure 2. Representative time series show changes in biomass over the course of a single 
experiment at Kaloko. Phytoplankton biomass was measured in RFU (a,b) and ESV per mL 
(c,d), and bacterial biomass in cells/mL (e,f), both in- and out-of-plume, respectively. Error bars 
indicate S.D 
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Figure 3. Representative time series show changes in biomass over the course of a single 
experiment at Kīholo. Phytoplankton biomass was measured in RFU (a,b) and ESV per mL (c,d) 
and bacterial biomass in cells/mL (e,f), both in- and out-of-plume, respectively. Errors bars 
indicate S.D. 
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Figure 4. Average response ratios of peak phytoplankton biomass calculated  using RFU (a, b) 
and ESV (c,d) for Kaloko and Kiholo, respectively. Bars indicate 95% confidence intervals. Bars 
crossing 0 indicate that there is no significant difference between peak biomass of the treatment 
and the control. Letters above plotted averages represent significant differences among 
treatments at the same location (in- or out-of-plume) determined from Tukey’s multiple 
comparison analyses. Significant differences in comparisons in-plume and out-of-plume are 
indicated by an asterisk (*).  
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Figure 5. Plotted averages represent a) Δr calculated by RFU and b) Δr calculated by ESV at 
Kaloko and c) Δr calculated by RFU and d) Δr calculated by ESV at Kīholo. Bars indicate 95% 
confidence intervals. Bars crossing 0 indicate that there is no significant difference between the 
growth rate of the treatment and the control. Letters above plotted averages represent significant 
differences among treatments at the same location (in- or out-of-plume) calculated using Tukey’s 
multiple comparison analyses. Significant differences in comparisons in-plume and out-of-plume 
are indicated by an asterisk (*).  
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Figure 6. Light microscope phytoplankton cell counts for all +N+P treatments at t0 and tp. Cell 
counts for all phytoplankton >20 µm are shown for both a) Kaloko and b) Kiholo. Error bars 
represent standard error (n=3). 
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Figure 7. Scanning electron microscope (SEM) images of larger phytoplankton and zooplankton found in 
tp samples of +N+P treatments. Kaloko in-plume samples contained Melosira sp.  (Fig. 7a), pennate 
diatom species (Fig. 7b), Bacillaria paxillifer (Fig. 7c), Chaetoceros sp. (Fig. 7d), and Biddulfia sp. (Fig. 
7e). Kīholo in-plume samples contained Cylindrotheca sp. (Fig. 7f), Halamphora sp. (Fig. 7g), Melosira 
sp. (Fig. 7h), Melosira sp.  (Fig. 7i), and Skeletonema sp. (Fig. 7j). Out-of-plume samples (taken from 
Kīholo) contained Protoperidinium sp. (Fig. 7k (right)), Strombidium sp. (Fig. 7k (left)), two additional 
dinoflagellates (Fig. 7l, Fig. 7m), an araphid diatom (Fig. 7n), and a tinntinid ciliate (Fig. 7o). 
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Figure 8. Nutrient uptake was calculated by subtracting nutrient concentrations at the time of 
peak biomass (tp) from initial (t0) nutrient concentrations. Statistically significant differences 
(α<0.05) in nutrient concentrations between treatments are indicated by letters above makers. 
Uppercase letters denote differences between treatments in-plume and lowercase letters denote 
differences out-of-plume. Bars represent standard deviation. Statistically significant differences 
between tp and t0 are indicated by a delta symbol (Δ) in superscript above the letter (see Table 7). 
Significant differences between in-plume and out-of-plume uptake, within the same treatment, is 
denoted by an asterisk (*) in the treatment column. 
 
 
 




