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tidal bores, groundwater intrusion, upwelling, mixing, or thermal stratification in the water column. In 66 

this context, these DO spikes are no less significant to the overall oxygen budget than if they were 67 

biological in origin. An allochthonous (outside the system) input of oxygen, regardless of origin, will 68 

skew any estimate of ecosystem respiration that relies on measurements of oxygen consumption.  Since 69 

the DO spike at night is omitted in the classical view of oxygen production during the day, it is often 70 

excluded as an input, leading to an underestimate of the actual amount of oxygen consumed. Additionally, 71 

we have been accumulating evidence of a possible biological source for these spikes in tropical benthic 72 

communities over the last five years. We concluded there is a need to further investigate the worldwide 73 

occurrence of this phenomenon by teasing apart physical and biological processes that may be 74 

responsible. Here we use rigorous review of literature, in situ DO time series, incubation experiments in 75 

situ, and controlled laboratory experiments to determine that these patterns are widespread, frequent, and 76 

difficult to explain with any single physical or environmental variable. Furthermore, nighttime spikes in 77 

DO were observed under isolated laboratory conditions, strongly indicating a potential biological origin 78 

that may contribute significantly to the global oxygen budget. 79 

Results 80 

Review of the Literature 81 

An extensive search of the literature identified 28 (20 temperate, 8 tropical) studies that have 82 

published DO time series datasets spanning 24 hours or more between 1970 and 2015 (See Methods for 83 

search and selection parameters). Including an additional 13 datasets presented here, 78% (32 out of 41) 84 

document an increase and subsequent decrease in DO concentration during the night lasting between 4 85 

and 8 hours, with 63% (20 out of 32) of those studies originating in the tropics (Figure 1, Table S1). 86 

Quantitative comparisons across these datasets are difficult due to the different reported DO units (e.g. 87 

percent air saturation, µmol L-1, mg L-1, mmol m-2 d-1), and calculating DO values for each using a 88 

consistent metric would require access to numerous unpublished datasets.  However, many useful 89 

qualitative details can be observed in the published figures and data. Two studies on the Island of 90 
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Jarvis, Malden, Starbuck, Millennium, Vostok and Flint during Oct.-Nov., 2013). Measurements were 116 

logged for one deployment of 36 hours, again at 15-minute intervals. No dataset from Christmas Island 117 

was used in our analysis due to inclement weather conditions there that prevented reliable data collection.  118 

In situ DO and temperature surveys (i.e, sensor deployments where no enclosure was used at any 119 

point) were taken during Sept., 2014 on the fore-reef of Palmyra Atoll in the northern Line Islands (24), 120 

and during May, 2015 on the fringing reef slope of the island of Curaçao in the southern Caribbean. An 121 

additional dataset included in this analysis was derived from an ex situ survey during Aug., 2014 of an 122 

artificial tropical reef environment at Birch Aquarium at the Scripps Institution of Oceanography, San 123 

Diego, CA, USA to serve as an example of nighttime DO spikes that are removed from an open ocean 124 

environment, yet still subject to external physical influences such as atmospheric temperature changes and 125 

moving water masses (see Methods for description). Surveys lasted three or more consecutive days 126 

(Palmyra, 15 days; Curaçao, 5 days; Birch Aquarium, 3 days) with a measurement interval of 15 minutes. 127 

We observed nighttime DO spikes (defined as a DO concentration increase in the absence of PAR, lasting 128 

at least two hours before decreasing again) across all our datasets for a total of 63 nights where they 129 

occurred, showing DO spikes happening during 77% of all surveyed nights (82 nights in total) (Figure 130 

S2).  131 

Initial Assessment of Potential Mechanisms 132 

To test potential physical mechanisms for these nighttime spikes, we utilized a suite of in situ 133 

data collected concurrently with DO. The simultaneous change of various oceanographic parameters such 134 

as temperature, salinity, current direction and current speed can indicate whether or not a DO spike 135 

coincides with changes in the overlying water mass (21). Therefore we analyzed our own datasets to 136 

assess whether nighttime DO spikes coincided with temperature spikes of a similar magnitude and 137 

duration (Figure 2). The most comprehensive dataset used for this analysis originates from an in situ 138 

survey of Palmyra Atoll in the Northern Line Islands (24) consisting of simultaneous measurements of 139 

DO, temperature, pH, current speed and current direction that were taken every 15 min over 15 days at 140 
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water mass, it was not possible to fully seal the chambers on the porous, extremely rugose reef benthos. 190 

Therefore, an increase in the amplitude of nighttime DO spikes during an increase in tidal force is 191 

possible, but the occurrence and frequency of the nighttime DO spikes does not directly associate with 192 

tidal patterns across our entire data set as evidenced by the lack of moon phase as a predictor of DO in a 193 

majority of cases. 194 

Additional deployments of autonomous sensors (without cBITs or other enclosures) for longer 195 

periods of time were carried out on Palmyra Atoll in the central Pacific (24) and Curaçao in the Southern 196 

Caribbean. These data show nighttime DO spikes across different sites over several days approaching 197 

upwards of 15 µmol kg-1 for Palmyra (Figure 4A) and 2 µmol kg-1 for Curaçao (Figure 4B). No physical 198 

variable (wind, tide, moon phase) was found to have any predictive power over the DO spikes for 199 

Curaçao. Pressure changes near the benthos from directional current changes predicted the DO 200 

concentration at site RT4 at Palmyra (Table S3, Palmyra 2014).  201 

Surprisingly, neither current speed nor current direction was found to predict DO for either site 202 

LL or RT4 at Palmyra. It is possible that changes in current speed on Palmyra were too stochastic in 203 

amplitude and frequency to be statistical predictors of changes in DO. However, changes in current 204 

direction for both sites do not appear as stochastic in nature (Figure S3). The lack of any statistical 205 

significance here is perhaps due to the representation of polar coordinates as a linear time series. 206 

Intuitively a polar coordinate time series is represented as a flattened cylinder, creating an artificial gap 207 

between continuous measurements. This gap may have thrown off a reliable comparison of these data to a 208 

DO time series. In light of this shortcoming, pressure serves as a reasonable proxy and further verifies the 209 

previous observations of current direction and DO in this data. Pressure was a predictor of DO for site 210 

RT4, where a change in current direction always coincides with nighttime DO spikes. Pressure was a co-211 

varying parameter at site LL (Table S3), where a change in current direction frequently coincides with 212 

nighttime DO spikes. 213 
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Discussion 264 

Here we provide unequivocal evidence that nighttime DO spikes occur regularly on the coral reef 265 

benthos around the world. We used a combination of peer reviewed, published data from 1970-present, 266 

our own field-based data collected from two ocean basins and data collected in controlled laboratory 267 

settings to corroborate these findings. In addition to documenting the existence of nighttime oxygen 268 

spikes in the environment, we sought to identify potential causal mechanisms. After extensive analyses of 269 

a variety of physical, environmental and oceanographic predictor variables, we were unable to 270 

definitively identify one consistent explanatory variable or set of variables. Further, detailed laboratory 271 

studies under controlled conditions allowed our team to isolate the pattern in a closed system, suggesting 272 

that DO spikes are likely the results of a biological, rather than a physical, process. These findings have 273 

important implications for the calculation of oxygen budgets around the world, and suggest that previous 274 

studies may have significantly underestimated net oxygen production by not considering the nighttime 275 

oxygen influx (Figure 6).  276 

It is tempting to explain these nighttime DO spikes as the slowing of community respiration rate 277 

based on the general trend of a relatively high daytime respiration rate continuing for a few hours after 278 

sunset, then slowing significantly. However, this could only potentially explain a slowing or cessation of 279 

oxygen consumption. In order for DO to increase there must be either autochthonous oxygen (e.g. 280 

biological production in situ) or allochthonous oxygen inputs (e.g. transport by physical processes such as 281 

tides, currents or wind-driven waves), both of which have been addressed in this study.  Across the suite 282 

of potential physical explanations for the nighttime DO spikes, none truly fit with our observations. 283 

Purely abiotic processes, even the effect of several different physical processes unique to each instance of 284 

a DO spike, cannot conclusively explain the results of our laboratory incubations where we show that DO 285 

spikes occur in an effectively lightless, temperature controlled, isolated environment (Figure 5A and 5B).  286 

While calculations of oxygen budgets for any ecosystem focus almost exclusively on PAR-driven 287 

photosynthesis, other candidates for biological oxygen production have recently been proposed. 288 
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Specifically, oxygenic chlorite detoxification by perchlorate-respiring bacteria and oxygenic nitrite 289 

reduction by the recently identified bacterium Methylomirabilis oxyfera (9, 10) have been documented. 290 

Far-red light photosynthesis has also recently been documented in cyanobacteria as an adaptation to 291 

extremely low light environments (29). However, these explanations do not logically explain the 292 

occurrence of nighttime DO spikes near the benthos of an oligotrophic coral reef at depths that filter out 293 

long wavelengths of light, including far-red light. Reactive oxygen species detoxification can also 294 

regenerate molecular oxygen from oxygen radicals and hydrogen peroxide generated during aerobic 295 

respiration (30). While we have no evidence that this or any other mechanism is specifically involved in 296 

nighttime DO spikes, these examples do show that biological processes capable of releasing oxygen in the 297 

absence of sunlight exist.  298 

Our research highlights the possibility that a previously undescribed oxygenic biological process 299 

may be at work here, and more importantly that patterns of DO in nature are more complex than 300 

previously appreciated. These findings have important implications for biological feedbacks, benthic 301 

boundary layer dynamics, hypoxia, reef metabolism and overall coral reef health and resilience. The 302 

production of oxygen at night may prevent hypoxia from occurring within the reef interstices and on the 303 

benthos, and may influence the physiology of the diversity of taxa inhabiting reef ecosystems. Based 304 

upon extensive analyses, we found no clear and consistent physical driver(s) of these patterns suggesting 305 

that the causes are variable or may be the result of some as of yet uncharacterized biological process. 306 

Given the novelty of these findings and the potential importance of the results for calculation of global 307 

oxygen budgets, we hope that these results motivate future research to help resolve this widespread and 308 

ecologically important phenomenon. 309 

Methods 310 

Review of the Literature 311 

We performed an extensive search of the literature to determine the prevalence of nighttime 312 

spikes in dissolved oxygen (DO) from published in situ time series datasets. In total we reviewed >3000 313 
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In addition to field deployments, water chemistry in the coral reef tanks at the Birch Aquarium at 362 

Scripps Institution of Oceanography (University of California San Diego, San Diego, CA, USA) was 363 

monitored over August 8-18, 2014. All data were collected using MANTA multiprobe sondes as per other 364 

field studies described here. A total of five aquaria labeled tank 26, 27, 31, 15a and 15b were observed 365 

using six MANTAs: one in each tank, except for tank 26 where two MANTAs were placed, one in a 366 

relatively high flow location and one in a lower flow location. This was done because of the more 367 

variable flow pattern in tank 26 (see Table S5 for a summary of flow rates and other metrics for each 368 

aquarium). 369 

No aquaria are aerated via pumped air, and instead rely on water pump rates and flow schemes to 370 

provide water aeration. The filtration and flow scheme for each tank number is as follows: 371 

Tank 26. 372 

1. A pump draws water from the sump and is sent through a 2-way pneumatic valve controlled by a 373 

timer, which switches direction to spray bars located on either end of the tank. Every 5 minutes 374 

water flow direction changes.  375 

2. Water from the tank drains through a weir box, by gravity, and flows into 4, 100 µm filter socks 376 

located at one end of the sump. 377 

3. Water then travels through two baffles and into the next section of the sump. Here, a submersible 378 

pump sends water to a protein skimmer also located in the sump. The protein skimmer drains 379 

back into the sump. 380 

4. The cycle starts over again. Filtered seawater from Scripps Pier ran continually at about 1 L/min 381 

through a 25 µm pleated filter before flowing into the sump, creating a 25% water change per 24 382 

h. 383 

Tank 27. 384 

1. A pump draws water from the sump and is sent through a 2-way pneumatic valve controlled by a 385 

timer, which switches direction to spray bars located on either end of the tank. Every 5 minutes 386 

water flow direction changes. 387 
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2. Water from the tank drains through a weir box, by gravity, and flows into 1, 100 µm filter sock 388 

located at one end of the sump. 389 

3. Water then travels through two baffles and into the next section of the sump. Here, an external 390 

pump sends water to a protein skimmer located on top of the sump. The protein skimmer drains 391 

back into the sump. 392 

4. The cycle starts over again. Filtered seawater from Scripps Pier runs continually at about 2 L/min 393 

into the tank and sump.  394 

Tank 31. 395 

Natural seawater flows directly into tank and drains out. No external filtration or chemical 396 

additives. 397 

Tanks 15a and 15b. 398 

Both are connected to one sump. Tank 15a is a long tank with a divider, where the shorter section 399 

is the sump. A submersible pump in this sump provides flow to both tanks. Tank 15b sits 0.5 m away 400 

from 15a, and they run parallel to each other. Water drains from both tanks through an overflow drain 401 

located at one end of 15b. 402 

All tropical aquaria use seawater drawn from 3 m below the surface at nearby Scripps Pier into a 403 

reservoir before being heated and pumped into each tank. Seawater flows, by gravity, down a flume along 404 

the side of the pier into a settling pit where large items settle to the bottom. It is then pumped through a 405 

sand filter (silica sand #20 grade) and to a 227,000 L reservoir near the pier. From the reservoir, it is 406 

pumped up a hill to another 227,000 L reservoir that sits uphill from the Aquarium in order to facilitate a 407 

gravity fed flow to the aquaria. When the seawater arrives at the Aquarium some of that water is diverted 408 

to a warm water reservoir where it passes through a 100 µm filter sock, gets warmed to 23oC, and then 409 

pumped to tropical aquariums. 410 

Tanks 26, 27 and 31 were set up as display tanks with tropical vertebrate and invertebrate species 411 

including corals present. Tanks 15a and 15b were not display tanks, but instead housed numerous coral 412 

and CCA species for future display tank placement and at a greater density than the display tanks. 413 
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Figure 1. Nighttime spikes in dissolved oxygen concentrations are global phenomena. 
  
Each number corresponds to a dataset identified during a literature search (blue dots and numbers) or a 
dataset presented in this study (orange dots and numbers) consisting of dissolved oxygen concentration 
measurements across day and night times for at least 24 hours. The equator, tropics, and polar latitudes 
are labeled.  
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Figure 2. Nighttime spikes in dissolved oxygen concentration often align with temperature spikes in 
turbulent environments. 
 
The number of nighttime DO spikes for each of our datasets presented in this study were compared to 
simultaneous temperature measurements as a proxy for shifting thermoclines. Overall, 37% of the 
nighttime DO spikes show concurrent temperature spikes, with nearly all concurrent spikes occurring at 
turbulent fore reef sites in the Line Islands (Kingman through Flint). However, changes in current do not 
always occur alongside shifts in temperature, so this data may under-represent the actual influence of 
current shifts on DO concentration. Palmyra data are combined from both the 2010 and 2014 studies. All 
other data represent single deployments spanning one month or less.  
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Figure 4. Nighttime DO spikes can be seen over longer periods in highly variable oceanographic contexts.  

High resolution autonomous logging of dissolved oxygen concentration for A) Palmyra Atoll, Central 
Pacific, September 8-24, 2014; B) Curacao, Southern Caribbean, May 7-13, 2015; C.) Birch Aquarium 
coral tanks, San Diego, CA, USA, Aug 8-12, 2014. Grey areas indicate night (or zero PAR) times. 
Horizontal dashed lines and solid bars on the y-axis highlight the amplitude of select DO spikes for those 
sensors/sites.  
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Figure 5.  Laboratory incubations show that the DO spike can be recreated in a controlled setting using 
biological samples. 

A) 12-hour dark incubations of intact CCA samples at the CARMABI facility during 2015. These CCA 
samples were normalized to a seawater displacement volume of 500 mL and incubated in partially sealed 
2 L cylindrical chambers in a light and temperature controlled environment (see Supplemental Methods). 
B) 48-hour simulated diurnal incubation of the surface community of mechanically fractionated (via 
hammer and chisel) CCA rhodoliths at the CARMABI facility during 2016. 10 mL of crushed slurry 
consisting of the top 1 mm or so of several rhodoliths was added to 1 L of sterile seawater and placed in a 
fully sealed 1 L cylindrical chamber in a light and temperature controlled environment (see Supplemental 
Methods). 
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Figure 6. Estimated oxygen input lost due to omission of the nighttime DO spikes from ecosystem oxygen 
budgets.  

Each pie chart represents the total integrated nighttime DO spikes for each time series data set presented 
here (orange slice) divided by the daily integrated DO for that data set. Estimates were made using 
ImageJ to measure the area under each spike (see Methods for details). 
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Figure S2. Nighttime spikes in dissolved oxygen (DO) occur in each of the datasets presented in this 639 
study. 640 

Palmyra data are combined from both the 2013 and 2014 studies. All other data represent deployments 641 
spanning one month or less. 642 

 643 

  644 
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Figure S3. DO to temperature comparison data corresponding to Figure 2.  645 

Orange triangles indicate a lack of concurrent temperature spike. Data for Palmyra was combined across 646 
2013 and 2014 studies in Figure 2.  647 
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