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Abstract 

 

Phytoplankton in the surface ocean account for nearly half of all the primary production on Earth, 

while accounting for less than 1% of terrestrial plant biomass. This outsized importance makes 

determining the rates at which organic matter is produced and consumed in the surface ocean 

paramount to constraining the global carbon cycle. To understand the effects of nutrient supply and 

nutrient supply ratio on oligotrophic microbial communities, a collaborative, long-term (30 days) 

manipulation experiment was undertaken in Honolulu, Hawai‘i. Between August and September of 

2021, 24 large scale (~120 L) incubators were provided with 7 daily nutrient addition treatments, plus a 

control, in triplicate, while monitoring the rates of gross oxygen production (GOP), daytime respiration 

in the light (LR), daytime respiration in the dark (DR), and net oxygen change (NOC). Our results 

show significant increases in GOP (9 to 14-fold) for the treatments provided with inorganic nitrogen, as 

well as a shift to more autotrophic conditions. The addition of inorganic phosphorus had a much 

smaller but noticeable effect in GOP during the experiment, suggesting the possible enhancement of 

photosynthesis by N2-fixation. The addition of iron did not show any significant effect on metabolic 

rates. LR was estimated to be on average 30% greater than DR measurements throughout the 

experiment—with the difference between the two increasing with GOP. The difference between both 

estimates of respiration could be indicative of diel variations in community respiration, which has 

implications for properly constraining the carbon cycle in aquatic ecosystems. 
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Introduction 

 

Oceanic Primary Production and Respiration 

Oxygenic photosynthesis and aerobic cellular respiration are the two most fundamental sets of 

metabolic processes in the global biosphere. Photosynthesis (Eq. 1) allows autotrophs to use solar 

energy for reducing carbon dioxide (CO2) into organic matter (CH2O) for energy storage, growth, and 

reproduction. Aerobic respiration (Eq. 2), by both autotrophs and heterotrophs, in turn uses oxygen 

(O2) to oxidize this organic matter and provide chemical energy that can be used in further anabolic 

processes. With these two processes being cardinal in biological carbon cycling, constraining their 

fluxes is paramount to understanding the global carbon cycle in the present and future. 

 

(1)				𝐶𝑂! + 2𝐻!𝑂 + 𝐿𝑖𝑔ℎ𝑡	𝐸𝑛𝑒𝑟𝑔𝑦 → 𝐶𝐻!𝑂 + 𝐻!𝑂 + 𝑂! + 𝐻𝑒𝑎𝑡 

(2)				𝐶𝐻!𝑂 + 𝑂! → 𝐶𝑂! + 𝐻!𝑂 + 𝐶ℎ𝑒𝑚𝑖𝑐𝑎𝑙	𝐸𝑛𝑒𝑟𝑔𝑦 + 𝐻𝑒𝑎𝑡 

 
 

Global estimates show that nearly half of the Earth’s annual primary production occurs in the oceans, 

yet marine phytoplankton in surface waters account for less than 1% of land plant biomass (Bar-On et 

al., 2018; Field et al., 1998). This difference in standing biomass highlights the relevance of the vertical 

dimension of the oceans, where organic matter can be exported to depths beyond the euphotic zone and 

be sequestered away from the atmosphere for hundreds to thousands of years (Henson et al., 2011; 

Siegenthaler & Sarmiento, 1993). This biological carbon pump is a major component of the oceanic 

carbon cycling; an important mediator in the sink of atmospheric CO2 of particular importance when 

anthropogenic fossil fuel combustion has no end in sight. Perturbations to the biological carbon pump 

could alter not only the global carbon cycle but also Earth’s climate (Henson et al., 2011; Siegenthaler 

& Sarmiento, 1993). One way to empirically assess the strength of the biological carbon pump is to 

calculate the difference between organic matter production and consumption in the upper ocean—that 
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is, the balance between the rates of plankton primary production and respiration in the euphotic zone. 

This metabolic balance between gross primary production and community respiration is deemed net 

community production (NCP), and when integrated over long spatial and temporal scales it 

approximates carbon export from the euphotic zone (Emerson, 2014). 

 

Aerobic respiration is commonly measured as O2 consumed in the dark (Eq. 2;  Robinson & Williams, 

2005) , while oceanic primary production has been measured through various methods that try to 

constrain either the amount of carbon fixed, or the amount of oxygen produced (Church et al., 2019). 

These methods range from cellular scale to remote sensing approaches, with the latter example being 

instrumental in assessing the global distribution of oceanic productivity through photosynthetic 

pigments (Falkowski & Raven, 2007). Ocean color-derived biomass estimates show that roughly three-

quarters of the world’s surface ocean is oligotrophic: low productivity surface waters with chlorophyll 

a concentrations below 1 mg m-3 (Antoine et al., 1996). Partly because of the small magnitude of 

oligotrophic primary productivity and respiration rates—with the balance between them being around 

an order of magnitude smaller—quantifying oligotrophic NCP is a contemporary challenge. Therefore, 

the metabolic status of surface oligotrophic regions has been debated at length (Duarte et al., 2013; 

Ducklow & Doney, 2013; Williams et al., 2013). 

 

Nutrient supply and production 

The geography of primary productivity and phytoplankton biomass is tightly coupled with the 

availability of essential nutrients, but the theory has gone beyond the explicit terms in the simplified 

production equation (Eq.1), as the understanding of the relationship between nutrient supply and 

productivity has changed significantly in the last century. In 1958, Alfred Redfield showed that the 

stoichiometry of surface plankton was consistent with the stoichiometry of dissolved nutrients in 

deeper waters (Redfield, 1958). He proposed that phytoplankton determine ocean chemistry through 
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their exported biomass, with a C:N:P ratio of 106:16:1 for both phytoplankton and zooplankton. In 

other words, this theory proposed that the elemental composition of exported remineralized dissolved 

nutrients maintain the uptake ratios determined by phytoplankton, suggesting a universal uptake ratio 

dubbed the “Redfield ratio.” This ratio became a tenet for both biological and geochemical 

oceanographers, and has been used to frame phytoplankton biogeochemistry, including in calculations 

of productivity and organic matter export (Lenton et al., 2014; Shaffer, 1996). 

 

However, these theories regarding static cellular and environmental ratios have been questioned 

empirically, with experiments showing variability in C:N:P ratios not only by species and growth stage, 

but also seasonally and geographically (Geider & la Roche, 2002; Martiny et al., 2013; Moreno & 

Martiny, 2018). These ratios have been shown to be especially plastic under low nutrient availability. 

In this regard, oligotrophic gyres are known to be more stratified in the summer compared to winter, 

which limits the vertical supply of macronutrients, producing higher C:N, C:P, and N:P ratios in the 

summer/fall and lower ratios in the winter/spring. These nutrient starved regions favor the presence of 

diazotrophs, microorganisms that are capable of fixing N2 in these N-limited systems (Karl et al., 

2002). However, N2-fixation is an energy demanding process, and generally makes diazotrophs have 

slower maximum growth rates compared to non-diazotrophs. Theoretically, this means that to produce 

nitrogenase—the enzyme required to split the triple bond in N2—and competitively coexist with non-

diazotrophs, there needs to be excess phosphorus and iron while non-diazotrophs need to be limited by 

nitrogen (Dutkiewicz et al., 2012, 2014; Tilman et al., 1982; Tilman David, 1977; Ward et al., 2013). 

Yet, there is still a need for empirically assessing these resource ratio theories in natural microbial 

communities. 
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Study area: NPSG 

Deemed the largest uninterrupted biome in the world at roughly 20 million km2 in area, the North 

Pacific Subtropical Gyre (NPSG) is one of the nutrient-starved regions of the world’s ocean (Sverdrup 

et al., 1942). The surface waters of the NPSG are consistently oligotrophic because they lack nutrient 

delivery from land as well as from deeper nutrient-rich waters. This subtropical region is characterized 

by year-round warm surface waters (> 24 ºC) which create a permanent low-density cap that isolates 

the mixed layer (~0-40 m) from the water column below 60 meters (Karl & Church, 2014). Because of 

this strong and persistent stratification, the NPSG was long considered a relatively stable and 

homogeneous, low-productivity ecosystem. Yet, continued research over the last several decades, 

particularly since the establishment of the Hawaii Ocean Time-series program in 1988 (Karl & Lukas, 

1996), has shown variability in community composition, primary production, particulate matter export, 

and nutrient limitation from seasonal to interdecadal timescales (e.g., Dore et al., 2003, 2009; Karl et 

al., 2001a, 2021; Letelier et al., 2019). Of particular interest in the NPSG are frequent yet aperiodic 

phytoplankton blooms thought to be driven by diazotrophs. These blooms signify a large input of new 

N into the system and have a significant effect in the new production of the NPSG, where N2 fixation 

accounts for nearly half of the nitrogen exported to deeper waters (Dore et al., 2002; Karl et al., 1997, 

2021). Although some of this variability is thought to be climate-driven, the mechanisms that effect 

these changes in the microbial communities are not well understood. 

 

To test whether an increased Fe to N and P to N supply ratio would induce diazotroph growth as 

predicted by resource ratio theory, a group of scientists from the Simons Collaboration on Ocean 

Processes and Ecology (SCOPE) program led by principal investigator Seth John (University of 

Southern California) designed an experiment using a set of relatively large-scale (120 L) Pelagic 

Ecosystem Research Incubators (PERIcosms), within the NPSG. In August and September of 2021, a 

large-scale and long-term (30 days) PERI-SCOPE nutrient manipulation experiment was conducted in 
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O‘ahu, Hawai‘i, to investigate the shifts in microbial ecology from oligotrophic surface waters of the 

NPSG under altered nutrient supply regimes. As part of this collaboration, the research presented 

herein aimed to specifically study the impacts of nutrient supply to plankton metabolic rates by 

tracking changes in gross oxygen production (GOP), net oxygen change (NOC), and respiration of 

plankton communities throughout the experiment in ~6-hour daytime incubations. 

 

Materials and Methods 

 

Experimental Design 

This research is part of a larger collaborative effort within the SCOPE program 

(http://scope.soest.hawaii.edu/), through the PERI-SCOPE project. The first experiment, PERI-FIX (Fe 

Incubation eXperiment), was conducted in August–September 2021, at the University of Hawaii’s 

Marine Center (UHMC) in Honolulu. The main goal of PERI-FIX was to maintain natural oligotrophic 

microbial communities in relatively large scale incubators for multiple weeks, while manipulating their 

N:P:Fe supply to evaluate the impacts of changes in nutrient supply ratio on microbial community 

structure, physiology, and metabolism. Of particular interest was testing the hypothesis of phosphorus 

and iron limitation in diazotrophs. 

 

Whole surface seawater was collected at nighttime 13 miles off the southern coast of Oahu (21.10º N, 

158.06º W; collection depth: ~5m; location depth >800m) in nine 275-gallons totes (> 11,000 L), using 

an air operated double-diaphragm (AODD) pump under trace metal clean conditions. Once back at the 

UHMC, seawater from 4 totes was aliquoted into 24 trace-metal clean PERIcosms using an AODD 

pump. The rest of the seawater collected was used to refill the microcosms after each sampling event 

by filtering it through an AcroPakÔ capsule with a 0.2 μm PES Supor membrane (Pall Corporation). 
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The PERIcosms were located inside an air conditioned and HEPA-filtered tent for the duration of the 

experiment. 

 

The PERIcosms consisted of 120-liter, fully enclosed medium-density polyethylene inductor tanks with 

multiple sampling ports, a fill port, a spike port, a sediment trap located at the bottom to collect settled 

particles, and an automated light source at the top (Kessil A360X Refugium lights)—all for 

maintaining and tracking the collected microbial community. The PERIcosms were maintained on a 

13-hour light:11-hour dark diurnal cycle around 06:00–19:00 hrs. When lights were on, 

photosynthetically active radiation inside the tanks ranged between 40-300 µmol m-2 s-1 within the 

tank’s vertical water column. 

 

The 24 PERIcosms were treated with eight nutrient regimes in triplicate, with nitrogen (N), phosphorus 

(P), and iron (F) being the three inorganic nutrients selected for manipulation in this experiment. These 

eight treatments come from Boolean combinations of the addition of each nutrient: N, P, F, NP, NF, 

NPF, PF, and a control (C) treatment with no nutrients added. Nutrient addition occurred daily: N tanks 

were spiked with 75 nmol L-1 day-1 of each NaNO3 and NH4Cl, for a total of 150 nmol L-1 day-1 of 

inorganic N; P tanks were spiked with 9.5 nmol L-1 day-1 of Na2HPO4; F tanks were provided with 1 

nmol L-1 day-1 of FeCl3. There were only two days throughout the experiment where none of the 

PERIcosms were spiked with nutrients, on August 13th and 14th. 

 

Tracking of the microbial communities and biogeochemistry inside the enclosures was done through 

direct subsampling each PERIcosm. As this was a collaborative effort, a sampling schedule was 

designed to fit multiple, weekly measurements while trying to avoid excessive sampling that could 

affect the PERIcosms’ communities (e.g., continuously flushing out microorganisms through 

oversampling). In addition to our rate measurements, several other measurements were conducted by 
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different labs (Table A1), thus, during small and large biweekly sampling events, approximately 6% 

and 22% of each tanks’ volume was replaced with filtered seawater from the remaining totes, 

respectively. 

 
Table 1: Dates and times of sampling of the PERIcosms as well as the start times, end times, and durations of the 
bottle incubations for the determination of metabolic rates throughout PERI-FIX. All dates and times are in Hawaiian 
Standard Time (UTC –10 hours). 
Exp. Day Date Sampling Start–End Incubation Start–End Length 

1* 9 – August – 2022 12:00 – 12:30 12:52 – 17:58 5 hrs. 6 min. 
3 11 – August – 2022 9:45 – 11:00 12:54 – 18:50 5 hrs. 56 min. 

5 13 – August – 2022 8:18 – 9:42 12:10 – 18:15 6 hrs. 5 min. 
8 16 – August – 2022 8:30 – 9:30 11:51 – 17:51 6 hrs. 

12 20 – August – 2022 8:34 – 9:32 12:03 – 18:05 6 hrs. 2 min 
15 23 – August – 2022 9:24 – 10:26 12:40 – 18:45 6 hrs. 5 min. 

19 27 – August – 2022 9:40 – 10:10 12:45 – 18:50 6 hrs. 5 min. 
22 30 – August – 2022 9:26 – 10:12 12:48 – 18:50 6 hrs. 2 min 

26 3 – August – 2022 8:55 – 9:45 12:12 – 18:56 6 hrs. 44 min 
30 7 – August – 2022 8:25 – 9:00 11:40 – 18:50 7 hrs. 10 min. 

*Samples were collected from the collection totes in this day 

 

Sample Collection and Incubation Experiments 

Every Monday and Friday throughout the duration of the experiment, as well as the Wednesday of the 

first week (10 sampling days total; Table 1), we sub-sampled every PERIcosms for the determination 

gross oxygen productivity by the 18O-H2O method as described in Ferrón et al. (2016). The net oxygen 

change was determined in bottles incubated both in the light and in the dark, for the calculation of 

respiration. 

 

Water was collected from each PERIcosm in 1-liter polycarbonate bottles and then siphoned with 

silicone tubing into three 130-mL Pyrex® bottles with ground-glass joints and flat-bottom stoppers. 

One bottle was used as the reference for the initial, pre-incubation conditions, and was called the “time-
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zero” bottle. The second one—referred to as the “light” bottle—was spiked using a pipette with 650 µL 

of H218O (Medical Isotopes, 97% isotopic purity) to a final 18O-H2O enrichment of ~2400‰, and then 

incubated for the determination of GOP, NOC, and daytime respiration in the light. The third bottle 

was incubated under dark conditions for the determination of daytime respiration in the dark and 

referred to as the “dark” bottle. All glass bottles were kept away from direct light sources during 

sampling and handled in low light conditions while outside of the incubation. 

 

Once all PERIcosms were siphoned for a total of 72 Pyrex® bottles, the “time-zero” bottles were first 

fixed by pipetting 100 µL of saturated mercuric chloride solution to stop all biological activity and 

preserve the initial dissolved gas concentrations. During this step, the flat-bottom stoppers were 

replaced by pointed ground glass stoppers which allowed closing the bottles without introducing 

bubbles. The new stopper was taped shut using electrical tape, inverted at least three times to ensure 

proper fixing, and stored upside-down with the ground joint submerged in deionized water, at room 

temperature and protected from light. After fixing the “time-zero” bottles the incubations were initiated 

and the “light” and “dark” bottles were incubated in a water bath inside the PERI-FIX tent by the 

PERIcosms to ensure similar temperature conditions. The “light” bottles were placed in an uncovered 

water bath with the same light source as the tanks, while the “dark” bottles were placed in a covered 

water bath in the dark. After approximately 6 hours (Table 1), the “light” and “dark” incubations were 

terminated in the same manner as the “time-zero” bottles: fixing with mercuric chloride, changing 

stoppers without bubbles, and gently mixing before storing them upside-down with the ground joints 

submerged in deionized water in a covered box at room temperature. All fixed samples were stored in 

the dark in this way until analysis within 48 hours of fixing. 
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Membrane-inlet Mass Spectrometry (MIMS) 

The mass-per-charge ratios (m/z) of dissolved gases—most importantly 32O2, 34O2 (produced by 

photosynthesis from the splitting of 18O-water), and 40Ar—were determined by Membrane Inlet Mass 

Spectrometry (MIMS; Ferrón et al., 2016; Kana et al., 1994) within 48 hours of the end of the 

incubations. Briefly, the water sample is pumped through capillary tubing and into a semi-permeable 

silicone membrane that is exposed to the vacuum inlet of a quadrupole mass spectrometer (QMS700, 

Pfeiffer). As the water flows through this membrane a fraction of the dissolved gases are extracted into 

the vacuum and directed towards the ion source of the mass spectrometer, after going through a 

cryotrap that removes water vapor and CO2. The 18O-GOP method relies on the photosynthetic 18O 

enrichment of the dissolved O2 pool by the splitting of water, while the O2/Ar-NOC relies on the 

change in the dissolved O2 pool in relation to the dissolved Ar pool, with the latter being biologically 

inert. We calculate the gas concentrations of the samples in µmol L-1 by measuring the m/z signal of a 

filtered (0.2 µm) seawater standard of known salinity that has been air-equilibrated overnight at a 

known temperature. Once in equilibrium with the atmosphere, we calculate the concentration of O2 and 

Ar in the standard using the solubility equations of Garcia & Gordon (1992) and Hamme & Emerson 

(2004) respectively, to obtain a reference concentration for the measured m/z signal. The isotopic 

composition of dissolved O2 in the standard was determined from the solubility fractionation reported 

by Kroopnick & Craig (1972). The standard was measured at the beginning and end of every MIMS 

session, as well as in between every 6 samples measured, to account for drifts in the signal (Ferrón et 

al., 2016). 

 

Rate Calculations 

Hourly rates of GOP (in µmol L-1 h-1) are determined from the change in the O2 isotopic composition 

during the incubation, following: 
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(3)				𝐺𝑂𝑃 =
𝑅"# (𝑂!)$%&'( − 𝑅"# (𝑂!))*+,
𝑅"# (𝐻!𝑂) − 𝑅"# (𝑂!))*+,

× [𝑂!])*+, ×
1
𝑡  

 
Where 18R(O2) is the isotope ratio of 18O to 16O of the oxygen molecules in the respective water sample 

(light or zero bottle), 18R(H2O) is the isotopic ratio of the water at the beginning of the incubation, and t 

is the incubation time in hours. The net oxygen change in the light and dark bottles, NOC (in µmol L-1 

h-1), is determined from the net change in O2/Ar ratios (Bender et al., 1999), following: 

 

(4)				𝑁𝑂𝐶-,((.* = D
(𝑂! 𝐴𝑟⁄ )-,((.*
(𝑂! 𝐴𝑟⁄ ))*+,

− 1G × [𝑂!])*+, ×
1
𝑡  

 

Where we have the O2/Ar ratio for the incubated bottle and zero bottle, as well as the initial oxygen 

concentration from the zero bottle. Since there is simultaneous oxygen production and consumption in 

the light incubation, respiration in the light can be determined from the difference between GOP and 

NOC from the light bottle (Eq. 5). Without a light source there is no photosynthesis, so NOC rates from 

Eq. 4 using the dark bottle are equivalent to daytime respiration in the dark (Eq. 6): 

(5)				𝐿𝑅 = 𝐺𝑂𝑃 − 𝑁𝑂𝐶$%&'( 

(6)				𝐷𝑅 = 𝑁𝑂𝐶/0+1 

 

A summary of the metabolic rates dataset created from applying these calculations is presented in 

Table 2. 

 



 11 

 
 
 
 
 
 
 
Table 2: Summary of metabolic rates for each treatment, showing the mean (± standard deviation)  and range over the course of the experiment (in µmol O2 L-1 h-1), as 
well as the ratios between the treatment means from the first and last day of sampling the PERIcosms (“Tf:Ti”: time-final to time-initial ratios). 

 

 GOP LR DR NOC 

Treatment Mean ± SD Range Tf:Ti Mean ± SD Range Tf:Ti Mean ± SD Range Tf:Ti Mean ± SD Range Tf:Ti 

C 0.02 ± 0.01 0.01 – 0.05 2.9 0.1 ± 0.03 0.04 – 0.14 0.8 0.09 ± 0.03 0.03 – 0.16 2.7 -0.06 ± 0.03 -0.1 – 0.007 1.3 

F 0.04 ± 0.01 0.02 – 0.05 1.1 0.1 ± 0.05 0.06 – 0.2 0.5 0.1 ± 0.03 0.07 – 0.17 0.9 -0.07 ± 0.05 -0.2 – -0.02 0.4 

N 0.2 ± 0.1 0.03 – 0.3 10.5 0.2 ± 0.04 0.1 – 0.3 1.4 0.1 ± 0.03 0.1 – 0.2 1.1 0.04 ± 0.07 -0.1 – 0.1 -1 

NF 0.2 ± 0.1 0.03 – 0.4 13.6 0.2 ± 0.03 0.1 – 0.2 1.1 0.1 ± 0.02 0.1 – 0.2 0.8 0.05 ± 0.1 -1.3 – 0.2 -1.4 

NP 0.3 ± 0.2 0.05 – 0.5 9.3 0.2 ± 0.1 0.07 – 0.3 1.6 0.1 ± 0.04 0.08 – 0.2 0.8 0.1 ± 0.1 -0.1 – 0.2 -1.7 

NPF 0.3 ± 0.2 0.05 – 0.5 10.5 0.2 ± 0.06 0.1 – 0.4 1.5 0.2 ± 0.03 0.1 – 0.2 0.7 0.07 ± 0.1 -0.2 – 0.2 -0.9 

P 0.05 ± 0.03 0.02 — 0.1 4.1 0.1 ± 0.05 0.06 – 0.2 0.7 0.01 ± 0.06 0.04 – 0.2 0.2 -0.05 ± 0.07 -0.2 – 0.02 0.2 

PF 0.06 ± 0.04 0.02 – 0.14 7.4 0.1 ± 0.05 0.05 – 0.2 1.0 0.07 ± 0.04 0.02 – 0.2 0.6 -0.05 ± 0.05 -0.2 – 0.002 0.2 
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Statistical Analysis 

The statistical analysis was done through linear modeling in R (v3.5.1), with some Model II linear 

regressions and Pearson correlation statistics that were run in Python (v3.7.11). Linear mixed effects 

models were created using the function lmer from the lme4 package (v1.1-29; Bates et al., 2015) with 

the formula: 

 

(7)				𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒	~	𝐴𝑑𝑑𝑒𝑑𝑁 + 𝐴𝑑𝑑𝑒𝑑𝑃 + 𝐴𝑑𝑑𝑒𝑑𝐹𝑒 + 𝐴𝑑𝑑𝑒𝑑𝑁: 𝐴𝑑𝑑𝑒𝑑𝑃 + 𝐴𝑑𝑑𝑒𝑑𝑁: 𝐴𝑑𝑑𝑒𝑑𝐹𝑒 +

𝐴𝑑𝑑𝑒𝑑𝑃: 𝐴𝑑𝑑𝑒𝑑𝐹𝑒 + 𝐴𝑑𝑑𝑒𝑑𝑁: 𝐴𝑑𝑑𝑒𝑑𝑃: 𝐴𝑑𝑑𝑒𝑑𝐹𝑒 + (1|𝑁𝑎𝑚𝑒) + (1|𝐷𝑎𝑡𝑒) +

(1|𝐷𝑎𝑡𝑒: 𝐴𝑑𝑑𝑒𝑑𝑁) + (1|𝐷𝑎𝑡𝑒: 𝐴𝑑𝑑𝑒𝑑𝑃) + (1|𝐷𝑎𝑡𝑒: 𝐴𝑑𝑑𝑒𝑑𝐹𝑒) + (1|𝐷𝑎𝑡𝑒: 𝐴𝑑𝑑𝑒𝑑𝑁: 𝐴𝑑𝑑𝑒𝑑𝑃) +

(1|𝐷𝑎𝑡𝑒: 𝐴𝑑𝑑𝑒𝑑𝑁: 𝐴𝑑𝑑𝑒𝑑𝐹𝑒) + (1|𝐷𝑎𝑡𝑒: 𝐴𝑑𝑑𝑒𝑑𝑃: 𝐴𝑑𝑑𝑒𝑑𝐹𝑒) +

(1|𝐷𝑎𝑡𝑒: 𝐴𝑑𝑑𝑒𝑑𝑁: 𝐴𝑑𝑑𝑒𝑑𝑃: 𝐴𝑑𝑑𝑒𝑑𝐹𝑒)  

 

Where the right-hand side of the tilde has the predictor variables, and the left-hand side the response 

variables, meaning that the model would test for the effect of the predictor variables on the response 

data. In the equation, “Response” signifies the values measured during PERI-FIX (e.g., rates, 

concentrations, ratios); the three “Added” terms are Boolean labels of whether a treatment received a 

certain nutrient (e.g., “AddedN” is “True” for treatments N, NP, NF, and NPF; “False” for all other 

treatments), with the interaction between the different nutrients represented with colons (e.g., 

“AddedN:AddedP:AddedFe”); “(1|Date)” the random effect for the variation in the response over time 

that is shared across nutrient treatments; “(1|Tank)” is the random effect accounting for repeated 

measures of the experimental units (i.e., each of the 24 tanks); the “(1|Date:Added)” terms are 

time:treatment random effects that quantify whether the effect of a nutrient treatment or an interaction 

between nutrient treatments changes over time. For more information on fitting linear mixed models 

with the lmer function, see Bates et al. (2015). Fixed effects of nutrient addition were tested with 

approximate F-tests with the package lmerTest (v3.1-3; Kuznetsova et al., 2017) and the random 
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effect’s interaction between nutrient addition with time were tested with marginal Chi-squared 

likelihood ratio tests. 

 

Results 

 

On collection day, August 9th, 2021, incubations for metabolic rates and complementary assessments of 

the seawater in the collection totes were performed, with the results presented in Table 3. 

 

Table 3: Mean values (±SD; n = 3) for metabolic rates (µmol O2 L-1 h-1), chlorophyll (µg L-1), and inorganic nutrients 
(µmol L-1) of the unfiltered seawater in the totes on collection day (August 9th, 2021). See appendix for more 
information on complementary measurements such as: Nitrate + Nitrite (N+N), Soluble Reactive Phosphate (SRP), 
ammonium (NH4

+), and chlorophyll (Chl). 
GOP  LR DR NOC Chl 

0.02 ± 0.02 0.03 ± 0.03 0.02 ± 0.02 0.00 ± 0.02 0.16 ± 0.0  
     
N+N SRP Si NH4+ 

0.035 ± 0.016 0.066 ± 0.006 1.3 ± 0.1 132.5 ± 20.6 
 
 

Gross Oxygen Production 

The first clear response in GOP was the difference in rates between treatments with and without N 

added (Fig. 1), with our statistical results showing a significant effect from N addition on GOP (Table 

4). All tanks with N added had a significant increase in productivity two days from their first nutrient 

addition. After the first initial increase in GOP there was a decrease within the first week, possibly 

because nutrient additions were halted on August 13th and 14th. Once nutrient additions resumed there 

was constant increase in GOP rates for the following three weeks, culminating in final rates 9 to 14-

fold larger than at the start of the experiment. GOP in the treatments with N added were significantly 

higher than in all the treatments without N (Table 4). Treatments NP and NPF reached the highest rates 

overall—around a 20-fold increase in some tanks by the end of the experiment (Fig. 1A, Table 4). For 
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the treatments without N added, productivity in the P and PF treatments responded similarly to N 

addition but GOP increased by a much smaller magnitude (Fig. 2), until they showed a slow but steady 

increase from August 23rd onwards which, while still relatively low compared to the treatments with 

added N, culminated in a 4- to 5-fold increase in GOP. Productivity remained relatively constant in the 

C and F treatments throughout the experiment, and the addition of Fe showed no significant effect 

(Table 4). 

 

When contrasting our GOP results with complementary measurements (see Appendix), there was a 

very similar response of chlorophyll (Chl) concentrations to nutrient additions (Fig. A1) and significant 

positive correlation between GOP and Chl (R2 = 0.827, p < 0.01; Fig. A2), indicating the possibility 

that variations in productivity were at least partly driven by changes in phytoplankton biomass. When 

the GOP data is normalized to Chl, the ratio varies within the range of 0.15 and 0.6 (µmol O2 (µg Chl)-1 

h-1) with no clear trends for the different treatments (Fig. A3), although the linear mixed models still 

show a significant increase in the GOP to Chl ratio in response to N addition (Table 4). 
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Figure 1: Plot of the daily means of each treatment, with standard deviation as error bars (n = 3 tanks per treatment), 
for: A) Gross Oxygen Production; B) Net Oxygen Change; C) Light Respiration, and D) Dark Respiration. All) All 
values are in µmol O2 L-1 h-1. The mean values (± standard deviation) for the totes on offshore collection date are also 
included (Table 3) as a blue cross. For NOC, a blue line at y = 0 is included for reference, with positive and negative 
values indicating net autotrophic and heterotrophic conditions throughout the incubation, respectively. 
 

Daytime Light and Dark Respiration 

LR rates during the experiment were all higher than those measured on collection day and, similarly to 

GOP, there was a significant response from LR to N addition, although with a reduced dynamic range 

(Fig. 1C; Table 4). LR had a sharp increase in all treatments between the collection totes’ 

measurements and the first sampling day, which then gradually decreased during the first week of the 

experiment. After the first week there is a gradual increase in rates for tanks that were provided N, with 

once again the NP and NPF treatments showing the highest rates, much like GOP, without being 

significantly different from other treatments with N (Table 4). For the treatments without N added, the 

P, F, and PF treatments were higher both at the beginning and the end of the experiment, with relatively 

A B 

D C 
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constant, lower rates during the middle of the experiment, yet there was no statistically significant 

effect in LR from P or Fe addition (Table 4).  

 
Figure 2: Close-up of  the evolution of GOP (mean ± standard deviation) for the treatments that were not provided 
with inorganic nitrogen. The mean values (± standard deviation) for the totes on collection day (Table 3) are also 

included as a blue cross. 
 

DR rates were also higher inside the PERIcosms compared to the collection day rates, with a sharp 

decrease in the first few days that led to a small but significant separation between treatments with and 

without N provided, illustrating a significant effect of N addition on DR increase, but with an even 

further reduced dynamic range than LR (Fig. 1D; Table 4). The two respiration estimates correlate well 

(Fig. 3B), but the slope of 1.6 shows that the Model II linear regression estimates LR to be 160% of DR 

on average, while the ratio of mean LR and mean DR was 1.3 for the entire experiment. This indicates 

a more conservative estimate of LR being 30% greater than DR, while also illustrating a higher 
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variability in LR. There was no significant effect of nutrient addition on the LR:DR ratio, yet there was 

a significant response in the difference between LR and DR to N addition (Figs. 4A & 4C; Table 4). 

When contrasting the daytime light to dark respiration ratio and daytime light and dark respiration 

difference with GOP, both estimates correlate significantly with GOP for the treatments provided with 

N (Figs. 4B and 4D) 

 
Figure 3: Plot of the correlations between metabolic rates (in µmol O2 L-1 h-1), with Model II linear regression fit in 
red, the regression equation, and Pearson’s correlation R2 and p values. A) Correlation between Dark Respiration and 
Gross Oxygen Production (regression fit includes all points regardless of treatment), B) Correlation between Light 
Respiration and Dark Respiration (regression fit includes all points; 1:1 line is shown in blue), C) Correlation between 
Gross Oxygen Production and Net Oxygen Change (regression fit for treatments with N added), and D) Correlation 
between Dark Respiration and Net Oxygen Change (regression fit for treatments without N added).  

 
 

A B 

D C 
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Figure 4: Plots of comparisons between LR and DR. A) Evolution of the daily means of the daytime light to dark 
respiration ratio, B) Correlation of LR:DR with GOP, C) Evolution of the mean difference between daytime light and 
dark respiration, in µmol O2 L-1 h-1,for each treatment. D)  Correlation of the daytime light and dark respiration 
difference and GOP. A & C) Standard deviation is included as error bars (n = 3 tanks per treatment). The mean values 
(± standard deviation) for the totes on collection day are also included (Table 3) as a blue cross. B & D) Red lines are 
Model II linear regression fits, with the regression equation and Pearson’s correlation R2 and p values. The GOP axis 
is in units of µmol O2 L-1 h-1. A gray line at y = 0 is included for reference on all panels. 
 

Net Oxygen Change in the light 

The collection day measurements showed NOC values near metabolic balance, yet on the first 

sampling day all treatments showed net heterotrophy over the incubation period (Fig. 1B), due to an 

increase in respiration (Figs. 1C & 1D). In similar fashion to GOP and LR, there is again a separation 

in NOC rates between treatments with and without N provided, with the former group increasing NOC 

and transitioning into net autotrophic conditions (for the 6-hour incubations), remaining there from the 

twelfth day of the experiment onwards. NOC in treatments with N spikes also track the boom and crash 

that occurred in the first week of the experiment in GOP. In treatments spiked with N, changes in NOC 

A B 

D C 
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tracked changes in GOP, whereas in treatments without N added NOC tracked changes in DR (Figs. 4C 

& 4D). When hourly NOC rates are extrapolated to obtain NCP for 24-hour periods through Eq. 8, the 

results show net heterotrophic conditions for most of the experiment, until the last sampling day when 

most tanks with N added reached net autotrophic values (Fig. 5). 

 

(8)				𝑁𝐶𝑃 = (𝑁𝑂𝐶$%&'( ∗ 13) − (DR ∗ 11) 

 

 
Figure 5: Evolution of diel NCP (mean ± standard deviation; n = 3 tanks per treatment) in µmol O2 L-1 d-1, for each 
treatment during PERI-FIX, estimated using Eq. 8.  
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Table 4: Statistical results from fitted linear mixed models. Data includes p-values and denominator degrees of freedom for 
approximate F-test for the significance of the response to nutrient addition, as well as p-values for Chi squared tests for the 
significance of the interaction between nutrient addition and time. All numerator degrees of freedom for approximate F-tests 
and degrees of freedom for Chi sq. tests were equal to one. An empty cell for the Chi sq. test signifies an estimated variance 
of 0 for the random effect (time). Significant p-values (p < 0.05) are highlighted in bold text. Significant F-test p-values denote 
an effect from the predictors on the response, while significant Chi sq. test p-values denote a significant change in variance 
with time. 

Response Predictor F-value 
(df) 

F-test  
p-value 

Chi sq 
value 

Chi sq.  
p-value Response Predictor F-value 

(df) 
F-test  

p-value 
Chi sq. 
value 

Chi sq.  
p-value 

GOP N 75.6 (10) 4.11E-6 7.9 0.005 NOC N 30 (9) 0.0003 11.7 0.0006 
 P 6.1 (14) 0.03 0.2 0.63  P 2.9 (10) 0.12 1.5 0.22 
 Fe 0.6 (12) 0.46 0.6 1  Fe 0.3 (10) 0.6 0.3 0.61 
 N:P 0.02 (13) 0.9  0.47  N:P 0.5 (16) 0.48   
 N:Fe 1.4 (16) 0.26    N:Fe 0.2 (16) 0.67   
 P:Fe 0.2 (16) 0.7    P:Fe 0.1 (16) 0.73   
 N:P:Fe 0 (16) 1    N:P:Fe 1.1 (16) 0.31   

LR N 15.6 (20) 0.0008 0.1 0.72 DR N 16.9 (24) 0.0004   
 P 1.5 (13) 0.25 0.06 0.8  P 0.2 (19) 0.69 0.5 0.49 
 Fe 0.03 (20) 0.88    Fe 0.001 (22) 0.97   
 N:P 0.06 (16) 0.81    N:P 1.7 (15) 0.22 1 0.32 
 N:Fe 0.004 (20) 0.96 7.6 0.006  N:Fe 0.02 (22) 0.9 5.1 0.024 
 P:Fe 0.02 (16) 0.88 0 1  P:Fe 0.9 (16) 0.37   
 N:P:Fe 1.9 (16) 0.19    N:P:Fe 3 (16) 0.1   

LR N 0.5 (13) 0.5 0.03 0.87 LR N 10.7 (14) 0.006 2.4 0.12 

to DR P 3.2 (13) 0.09   minus P 2.5 (15) 0.13 3.4 0.07 

ratio Fe 0.3 (14) 0.61   DR Fe 0.0004 
(13) 0.99 0.01 0.92 

 N:P 1.8 (13) 0.2 0.2 0.24  N:P 0.1 (16) 0.75   

 N:Fe 0.4 (14) 0.54    N:Fe 0.1 (16) 0.71 0 1 

 P:Fe 1.2 (14) 0.3    P:Fe 1.4 (13) 0.25 0.3 0.59 

 N:P:Fe 0.6 (14) 0.44    N:P:Fe  0.09 (16) 0.77   

GOP N 13.8 (6) 0.011 0 1 Chl N 68 (12) 3.45E–6 7.7 0.005 

to Chl P 4.2 (16) 0.057    P 1.7 (15) 0.21 1.4 0.24 

ratio Fe 0.1 (7) 0.75 1.02 0.31  Fe 0.3 (15) 0.61 1.8 0.18 

 N:P 0.6 (16) 0.45    N:P 0.03 (13) 0.87 0.02 0.9 

 N:Fe 0.03 (16) 0.87 0 1  N:Fe 2.5 (16) 0.13   

 P:Fe 0.02 (16) 0.89    P:Fe 0.05 (16) 0.83   

 N:P:Fe 1 (16) 0.33    N:P:Fe 0.2 (16) 0.67   
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Discussion 

 

Effects of Nitrogen Supply 

The most noticeable effect on phytoplankton biomass and productivity came from the supply of N to 

the PERIcosms. The addition of inorganic N resulted in a rapid increase in chlorophyll concentrations 

and GOP two days after the start of the experiment and supported a shift in metabolic state from net 

heterotrophy to net autotrophy over the incubation period (Figs. A1, 1A & 1B). This initial boost went 

away on August 16th, after nutrient additions were halted for August 13th and 14th, but both GOP and 

chlorophyll concentration increased again quickly as soon as the nutrient additions were resumed. The 

rapid response of phytoplankton to the addition of inorganic N is consistent with previous manipulation 

experiments in the NPSG (Böttjer-Wilson, 2021; Mahaffey et al., 2012; McAndrew et al., 2007) that 

showed a quick response (<1 week) in biomass and carbon fixation rates by the surface microbial 

community to the addition of nutrients or nutrient-rich deep sea water (DSW). Our data also suggests 

that when N was added, the supplementary addition Fe did not have a significant effect on GOP, 

indicating that this nutrient did not become limiting in the treatments with N spikes (Table 4). 

Mahaffey et al. (2012) conducted paired incubations of DSW and nitrate additions (~2µM nitrate added 

for each), seeing an increase of chlorophyll and carbon fixation of up to 18- and 22-fold, respectively, 

during the summer, that was similar in magnitude and timing (2 days) for both the DSW and nitrate 

only additions, indicating no noticeable effect for the supplementary addition of phosphate or iron in 

DSW. However, that was not the case during the winter, when DSW had a larger effect than lone 

nitrate addition. Böttjer-Wilson et al. (2021) conducted nutrient additions in paired mesocosm and 

microcosm experiments, focusing on the manipulation of P supply by providing a suite of nutrients 

lacking inorganic P to their “P–” treatment and providing the same nutrients but with inorganic 

phosphate to their “P+” treatments. This study reported similar maxima in productivity and chlorophyll 
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for both P+ and P– treatments, but there was a faster response (4 days) in both P+ microcosms and 

mesocosm compared to their P– counterparts (6 days).  

 

The quick response of phytoplankton to the addition of inorganic N is somewhat expected, given the 

low concentration of nitrate (~40 nM) in the water collected for this experiment, and the low nitrate to 

phosphate ratio of ~3, nearly 5 times lower than Redfield. However, at the nearby HOT time-series site, 

Station ALOHA, where surface waters are chronically depleted in inorganic N (typically < 10 nM), 

there are occasional spikes in N surface inventories—typically in the winter—with no accompanying 

increase in productivity, suggesting an alternate interaction between nutrient availability and 

productivity that is not well understood (Karl et al., 2021). Related to this, Mahaffey et al. (2012) 

showed that the timing and magnitude of the phytoplankton response to changes in nutrient supply is 

seasonal, being faster and stronger in the summer compared to winter. These discrete responses suggest 

a relationship to the decoupling of N and P in the NPSG, where nitrogen fixation and the selective 

retention of P by organisms could exacerbate P-limitation, and thus affect the response to a nutrient 

pulse (Karl et al., 2001b). 

 

The phosphate concentrations for all treatments with N addition remained very low (<40 nM) after the 

16th of August regardless of whether P was added or not (Fig. A4)—values well below the threshold 

for P limitation estimated by Letelier et al. (2019) for the NPSG (~50-60 nmol kg-1). Inorganic N and P 

net uptakes were estimated for the length of the experiment as the difference between the expected 

concentration of the given nutrient (based on the initial concentration and the total amount added) 

minus its final concentration. The estimated nitrate to phosphate uptake ratios are substantially different 

between treatments with N added that were also provided with P (N:P ~ 11) and without P spikes (N:P 

~ 40). The values well above Redfield ratio for the treatments with N but no supplemental P imply that 

the organisms in these treatments must be securing their P elsewhere. In fact, Mahaffey et al. (2014) 
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showed that alkaline phosphatase activity (APA), an enzyme which allows organisms to hydrolyze 

phosphate esters in the DOP pool, was higher in subtropical waters with <30nM concentrations of 

phosphate, as well as being induced and repressed by the addition of N and P, respectively. Access to P 

from the dissolved organic pool could therefore explain our large, estimated N:P uptake ratios and the 

similarity of the phytoplankton response in all treatments with N spikes (with or without P added). The 

ratio below Redfield in the tanks with both N and P could also be related to the storing of “luxury” P 

(i.e., excess in relation to Redfield) by the microbial community (Karl, 2000). 

 

The increase in primary productivity and biomass after August 16th coincided with a sharp decrease in 

silicate concentrations, presumably due to uptake by diatoms, highlighting their role on the community 

response to N supply (Fig, A4C). Net uptake rates for silica were also calculated similar to N and P, but 

from the beginning of the experiment until August 21st, when concentrations of silica were lowest. 

These Si:N uptake ratios  were ~0.6 for treatments spiked with N, near the lower end of the 0.8 ratio 

established by Brzezinski (1985), suggesting a significant consumption of N by diatoms. The shift of 

the microbial community structure towards a diatom-dominated composition after a nutrient pulse has 

been theorized and observed in other manipulation experiments. The transition from nutrient depleted 

to nutrient replete conditions in these experiments typically carry shifts in microbial community 

composition, including an increased size of organisms and a prevalence of diatoms (Alexander et al., 

2015; Böttjer-Wilson et al., 2021; Mahaffey et al., 2012; McAndrew et al., 2007). Additionally, Karl & 

Letelier (2008) proposed a two-stage bloom could be created in the NPSG by mixing DSW (with low 

inorganic N:P) with the oft stratified surface waters: the first stage would be a diatom bloom that would 

consume all the inorganic nitrogen, and once the inorganic nitrogen is depleted but there are still P and 

Fe available, the second stage would be a diazotroph bloom. The first stage bloom is consistent with 

our results as well as the manipulation experiments mentioned (Alexander et al., 2015; Mahaffey et al., 
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2012, McAndrew et al., 2007). The very low phosphate concentrations in our experimental setting 

could preclude the development of a N2 fixation bloom in the treatments with N additions. 

 

Our results for the addition of N also show a clear shift in metabolic state from net heterotrophy to net 

autotrophy during incubations. The slope of the correlation between GOP and respiration implies that 

inorganic N addition effected a larger increase in GOP than LR or DR (Fig. 3A), resulting in an 

increase of NOC with the supply of inorganic N. In the field, this could imply increasing the C export 

potential following an inorganic N supply event, particularly given the importance of diatoms in 

driving the increase in biomass. McAndrew et al. (2007) showed increased NCP after the addition of 

DSW in manipulation experiments at Station ALOHA. This rapid increase in NOC supports the 

hypothesis that sporadic short-lived nutrient injections could support the net autotrophic state of the 

NPSG and explain short-term O2 variability (Karl et al., 2003). However, under our experimental 

conditions the extrapolated diel NCP values from Eq. 8 only become positive at the end of the 

experiment (Fig, 5), due to the significant contribution of DR to NCP, possibly because of the highly 

heterotrophic conditions at the beginning of the experiment which do not seem to represent natural 

conditions based on the time–zero rates. 

 

Effects of Phosphorus and Iron Supply 

Being able to access the hefty dissolved N2 pool as a source of inorganic N should be able to alleviate 

the nitrogen limitation evident from the microbial response in the treatments where N was supplied. N 

limitation to primary productivity has been suggested to be a prerequisite for inducing nitrogen 

fixation, as nitrogen additions have been shown to repress nitrogen fixation regardless of location 

(Mills et al., 2004). However, recent studies have shown nitrogen fixation activity by organisms that 

still had nitrate available (Meyer et al., 2016; Turk-Kubo et al., 2018), indicating an increased role for 

other limiting nutrients such as phosphate and iron. 
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Our results do not show an effect of Fe supply in metabolic rates, as the F treatment was most similar 

to the control, indicating that Fe supply did not enhance N2 fixation. This is despite nitrogen fixation 

thought to be primarily limited by iron, as iron is a major cofactor in the nitrogenase enzyme 

(Falkowski, 1997). Conceptual frameworks rooted in resource ratio theory (Schade et al., 2005; Tilman 

et al., 1982) have shown that the global biogeography of diazotrophs is mainly constrained by the Fe:N 

supply ratio, with a secondary role for the P:N supply ratio (Dutkiewicz et al., 2012; Ward et al., 2013). 

The role of iron in limiting N2 fixation has also been shown in previous manipulation experiments in 

the North Atlantic seeking to induce nitrogen fixation through the addition of P and/or Fe (Meyer et al., 

2016; Mills et al., 2004; Mills & Arrigo, 2010). The interaction between P and Fe in limiting N2 

fixation is complex. Letelier et al. (2019) proposed that long-term oscillations between P-sufficiency 

and P-limitation in the eastern NPSG occur through climate patterns of Fe-rich dust delivery from Asia. 

These authors suggested that aeolic iron inputs would further N2 fixation, depleting the P pool below a 

hypothetical P-limitation threshold of 50–60nM of inorganic P for the mixed layer microbial 

community. The role of phosphorus in nitrogen fixation is further exemplified in the NPSG two-stage 

bloom hypothesis, as the second stage relies on the first stage not only to deplete the nitrate pool, but to 

leave enough residual phosphate to support the development of its diazotrophic bloom (Karl & Letelier, 

2008) and is applicable beyond the North Pacific (Weber & Deutsch, 2010). 

 

During the PERI-FIX experiment, the effects of P supply on primary productivity were muted 

compared to N supply, but there was still an initial response on August 13th much like the initial bloom 

in the tanks spiked with N (Fig. 2). After August 20th, there was a noticeable increase in GOP for the P 

and PF treatments that led to final rates more than two- and four-fold, respectively, than the control 

treatment, hypothetically coming from N2 fixation-supported primary production. Furthering this 

thought, if we extrapolate cumulative GOP for the 30 days of the experiment, and calculate excess 
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oxygen production in the P and PF tanks relative to the control, we estimate that this “excess” in 

production needs to be supported by approximately 0.08 µmol N L-1 for P and 0.25 µmol N L-1 for PF, 

using a Redfield O2:N stoichiometry of roughly 144:16. If it is assumed that this deficit in N needed to 

support the enhanced primary production is entirely supplied by N2 fixation, N2-fixation rates for the 

experiment would be on average ~3 and ~8 nmol N L-1 d-1 for P and PF, respectively, which are values 

comparable to published surface N2 fixation rates from St. ALOHA (Böttjer et al., 2017; Zehr et al., 

2007). Experimentally, the sole addition of dissolved inorganic P and/or dissolved organic P within 

manipulation experiments in the NPSG has been shown to have an effect on both carbon and nitrogen 

fixation (Grabowski et al., 2008; Watkins-Brandt et al., 2011; White et al., 2010), as long as the 

background inorganic P concentrations are below 40 nM (Grabowski et al., 2008; Gradoville et al., 

2014). The initial inorganic P concentration in the water used for this experiment (67 nM; Table 3) was 

very close to the hypothetical P-limitation threshold of 50–60nM proposed by Letelier et al. (2019). 

Therefore, presumably the lack of excess inorganic P precluded the diazotrophs from thriving in the 

single Fe treatment. 

 

Patterns in Light and Dark Respiration 

Studies focusing on aquatic respiration have historically lagged behind those of aquatic primary 

productivity, with measurements of respiration in the ocean only accounting for 1% of the global 

measurements of primary productivity by the 14C method (Robinson & Williams, 2005). Because of 

this lack of attention, del Giorgio & Williams (2005) considered respiration as the largest gap in 

understanding the global carbon cycle, highlighting surface open ocean respiration rates as the most 

uncertain component of global respiration estimates. Most of these respiration measurements rely on 

the use of “light” and “dark” bottles to separate oxygen production (Eq. 1) from oxygen consumption 

(Eq. 2), with the oxygen change in the “dark” bottle equating respiration and extrapolated to diel rates 

(Bender et al., 1987). However, some studies have shown that respiration is not constant during the 



 

 27 

nighttime in cultures and lakes (Mantikci et al., 2019; Markager et al., 1992; Markager & Sand-Jensen, 

1989), and others that the rates of respiration measured in the light could be significantly higher than 

those in the dark for cultures, lakes, and even in high-Arctic waters (Bender et al., 1987; Grande et al., 

1989; Kana, 1990; Lewitus & Kana, 1995; Mesa et al., 2017; Pringault et al., 2007).  

 

In this experiment we measured respiration during daytime under both light and dark conditions. The 

significant effect of inorganic N addition on both estimates of respiration (Table 4) demonstrates that 

supplying the nutrient limiting primary production to the PERIcosms increased respiration rates as 

well, though to a lesser magnitude than productivity as evidenced by the increasing NOC in the 

treatments with N added. This result is consistent with literature on the relationship between 

photosynthesis and respiration (Robinson & Williams, 2005). No significant effect on respiration from 

P or Fe addition was present (Table 4).Values for LR and DR correlate well, but the regression’s slope 

of ~1.6 in Fig. 3B indicates that LR was on average 160% of DR during the experiment, while the 

mean ratio between LR and DR was 1.3 for the entire experiment, showing enhanced daytime 

respiration rates in the light for PERI-FIX. In experiments that have measured respiration in both light 

and dark conditions in microbial cultures, lakes, the Arabian sea, and both Arctic and Antarctic waters, 

the majority have found LR to be 0.5 to 10 times greater than DR rates (Bender et al., 1987; Dickson et 

al., 2001; Dickson & Orchardo, 2001; Grande et al., 1989; Kana, 1990; Lancelot & Mathot, 1985; 

Lewitus & Kana, 1995; Mesa et al., 2017; Pringault et al., 2007; Robinson et al., 2009). In fact, Mesa et 

al. (2017) saw an increasing difference between LR and DR with increasing 18O-GOP values, much 

like the relationship we see in Fig. 4D. This detectable increase in O2 consumption in the light could be 

due to enhanced mitochondrial respiration, chlororespiration, photorespiration, and/or the Mehler 

reaction (Bender et al., 1999). Lewitus and Kana (1995) proposed that chlororespiration was only 

induced at low-light intensities in energy-rich cells, and Mehler reaction activity increased in high-

light, energy-limited organisms. These assessments would theoretically exclude our treatments with N 
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from the effects of chlororespiration (irradiance >40 µmol m-2 s-1), and the Mehler reaction, as they are 

energy-rich treatments. In addition, the contribution of photorespiration under balanced growth 

irradiance (i.e., below saturating) is expected to only be modest (Lewitus & Kana, 1995).  

 

Research has shown that photosynthesis enhances phytoplankton dark respiration as accumulated 

photosynthetic products become substrates for oxidation (Falkowski et al., 1985; Lancelot & Mathot, 

1985; Mantikci et al., 2017). Through nutrient manipulation experiments, Roberts & Howarth (2006) 

also showed that community respiration increases with increasing nutrient availability, but also that it 

increases the proportion of community respiration phytoplankton are responsible for. This heightened 

role for phytoplankton relates to the exponential decrease of respiration rates that has been seen in 

cultures in dark conditions (Falkowski et al., 1985), as well as nighttime respiration rates in lakes being 

higher when measured after sunset than when measured before sunrise (Markager et al., 1992; 

Markager & Sand-Jensen, 1989). As the respiratory substrate is depleted throughout the nighttime, 

communities are known to reach a near-constant respiration rate by the end of the night (Markager et 

al., 1992). Because of this, our estimates of DR are potentially an underestimation of nighttime 

respiration, as the incubations were undertaken during daytime after a full night of darkness respiring 

the previous day’s photosynthetic products. The difference in respiratory substrate pools between the 

samples incubated in the light and the dark could explain the differences observed in LR and DR, with 

respiration enhanced in the light by phytoplankton primary production. 

 

The differences observed between LR and DR, particularly noticeable at high productivity, and 

indicating diel variability in respiration rates, have significant implications for effectively constraining 

the oceanic carbon cycle. Pringault et al. (2007) emphasized the need for properly accounting for 

daytime respiration, with their results showing a possible underestimation of GPP of up to 650% when 

only using respiration in the dark for coastal seawater samples. An ideal estimate of respiration for 



 

 29 

accurate NCP determination in aquatic ecosystems would entail a diel incubation that could 

encapsulate both the effects of light on respiration and photosynthesis, as well as the consumption of 

photosynthates and exponential decrease in respiration rates during nighttime. Ancillary measurements 

for determination of photorespiration and Mehler reaction would be necessary as well to increase the 

accuracy of rates obtained by the 18O-GOP method. 
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Conclusions 

 

The results from monitoring the metabolic response in the enclosures to different nutrient addition 

regimes yielded three highlights. First, N was the main nutrient limiting the microbial community’s 

primary production, with the supply of inorganic nitrogen effecting a 9 to 14-fold increase in 

productivity, as well as supporting a shift in metabolic state from net heterotrophy to net autotrophy 

during the incubation windows. The phosphate concentrations were driven below 40nM in all tanks 

provided with inorganic N, indicating that the microbial community is accessing other sources of P in 

the treatments with no supplemental inorganic P added, such as the dissolved organic P pool. Second, 

the supply of P effected a 4 to 7-fold increase in productivity in tanks where N was not provided, 

suggesting a possible enhancement through N2-fixation. Yet, no effect on metabolic rates was observed 

for the single addition of Fe for the duration of the experiment, as it was most similar to the control 

tanks, possibly because of P-limitation to the diazotrophic community. Lastly, LR rates were estimated 

to be on average 1.3 times DR rates, with the difference between the two increasing with productivity. 

The difference between both estimates of respiration could be potentially explained by the increase in 

photosynthetic substrates available for respiration in the light samples, indicating that rates of 

community respiration vary throughout the day. This highlights the importance of properly accounting 

for these diel variations in respiration when constraining the carbon cycle.  
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Appendix 

Table A1: Institutions and teams that took part in PERI-FIX, along with their samples requested for analysis. 
Institution Team/Lab Samples/Analysis 

University of Southern California John Lab (Lead) Dissolved Trace Metals 

  Inorganic N, P, and Si 

  Particulate C, N, P, and Metals 

  Dissolved Organic Carbon 

  Total Dissolved N & P 

  Chlorophyll 

 Caron Lab DNA & RNA genomics 

University of Hawai‘i at Mānoa HOT/SCOPE Flow Cytometry 

 White Lab Imaging FlowCytobot 

 Karl Lab Nitrogen Fixation 

  Acetylene Reduction 

  Particulate P 

  Particulate ATP 

  Phosphate turnover 

Dalhousie University Finkel Lab Total RNA/DNA 

  Proteins 

  Carbohydrates 

  Lipids 

Lamont-Doherty Earth Observatory Dyhrman Lab Metatranscriptomes 

  Alkaline Phosphatase Activity 

Woods Hole Oceanographic Institution Repeta Lab Dissolved Siderophores 

 Van Mooy Lab Lipidomics 

University of California – Santa Cruz Zehr Lab nifH genes 

University of Washington Ingalls Lab Metabolites 
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Complementary Measurements 

As many as 12 laboratories and 35 sample types were collected during PERI-FIX, highlighting its 

collaborative nature (Table A1). For this research we have accessed the chlorophyll (Fig. A1) and 

inorganic nutrient (Fig. A4) datasets. 

 

o Chlorophyll 

The chlorophyll dataset was created by Emily Townsend, Brendon Munoz, and Matt Strickland from 

the University of Southern California. Unfiltered water was collected in opaque 125-mL bottles for 

chlorophyll a (Chl) each day sampling was conducted, and later were filtered through GFF filters. The 

samples were extracted in 100% acetone (Acetone ≥99.3%) and stored at -20C for seven days before 

analysis on a Turner Designs Trilogy Laboratory Fluorometer using the Chl a Acidification 

Fluorescence module. 

 

Chlorophyll a concentrations (Chl) show an immediate response in all treatments with added N, with 

concentrations increasing by up to six-fold by the end of the experiment compared to the first sampling 

day on August 11th. The increase in phytoplankton biomass was not gradual, but instead there was a 

boom two days after the first spike, and a crash produced by stopping nutrient spikes, with a gradual 

rise afterwards (Fig. A1). In contrast, the chlorophyll concentrations in the treatments with no inorganic 

N added were relatively constant with time except for the P and PF treatments that exhibited a late 

increase of about two- to three-fold in the last week of the experiment. 
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Figure A1: Plot of the daily means of Chlorophyll a concentrations in µg per liter for each treatment, with standard 
deviation as error bars (n = 3 tanks per treatment). The mean value for the totes on offshore collection date is also 
included. 
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Figure A2: Plot of the correlation between GOP and chlorophyll, with a Model II linear regression line in red, the 
regression equation, R2 value, and Pearson’s correlation p-value. 
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Figure A3: Plot of the daily means of GOP to Chl ratios in µmol O2 (µg Chl)-1 h-1 for each treatment, with standard 
deviation as error bars (n = 3 tanks per treatment). The mean value for the totes on offshore collection date is also 
included as a blue cross. 

 

o Inorganic Nutrients 

The inorganic nutrient dataset was created by Emily Townsend from the University of Southern 

California, along with Carolina Funkey and Rhea Foreman from the University of Hawai‘i at Mānoa. 

Sampling for Nitrate plus Nitrite (N+N), Soluble Reactive Phosphorus (SRP), Soluble Reactive Silica 

(SRSi), and ammonium were measured during the course of PERI-FIX. N+N, SRP, and SRSi were 

assessed colorimetrically with a 4-channel SEAL Analytical AA3 continuous flow system following 

the Hawai‘i Ocean Time-series protocols (hahana.soest.hawaii.edu/hot/protocols/protocols.html). 

Ammonium was assessed fluorometrically with a Turner Designs 10-AU Fluorometer using the 

methods described in Holmes et al. (2011) with modifications presented in Taylor et al. (2007). 
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Most of the nitrate and ammonium added—a total of 2.1 µmol each by the end of the experiment—was 

immediately consumed by the plankton community, with concentrations in all cases remaining below 

0.2 µM for nitrate and 0.4 µM for ammonium despite the daily additions. During the first week, the 

concentrations of N+N in the treatments with N additions showed some residual above 0.15 µM, but 

after August 13th, the concentrations remained below 0.5 µM (Fig. A4A). Phosphate concentrations 

were similar for all treatments in the first few days of the experiment, but from the 11th of August 

onwards, some residual phosphate (greater than 0.1 µM) accumulated in the P and PF tanks while it 

decreased in all other treatments (Fig. A4B). In the last few days of the experiment, the P and PF tanks 

had a slight decrease in phosphate concentrations. Silica concentrations were highest in the first five 

days of the experiment for all treatments, but after that it was gradually consumed with concentrations 

decreasing below 0.4 µM in the tanks provided N (Fig. A4B) 
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Figure A4: Plot of the daily means of inorganic nutrient concentrations for each treatment, with standard deviation as 
error bars (n = 3 tanks). A) Nitrate and nitrite, B) Phosphate, C) Silica, and D) Ammonium, all in µM units. The mean 
value with standard deviation for the totes on offshore collection date are also included as blue crosses. The gray line 
indicates the cumulative addition from the nutrient spikes, accounting for sampling dilutions. 
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