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Abstract


Introduction
The ocean has buffered us from the worst effects of climate change, absorbing more than 90% of the excess heat and ~30% of carbon dioxide generated by the burning of fossil fuels (Reid et al. 2009). Without ocean life, carbon dioxide in Earth’s atmosphere would be twice as high today (Friedlingstein et al. 2006). The process of moving carbon dioxide from the atmosphere into the ocean, referred to as the biological carbon pump, begins with photosynthetic organisms near the ocean’s surface fixing dissolved carbon dioxide into organic matter (Falkowski et al. 1998). If this organic matter sinks or is transported into the deep sea, it can evade equilibrium with the atmosphere, and may be stored in the ocean for tens to thousands of years (Pasquier et al. 2025). Understanding the pathways for long-term carbon storage in the ocean is critically important for understanding marine food webs, predicting the ocean’s efficiency as a carbon sink, forecasting feedbacks in climate forcing, and informing climate engineering efforts (Siegel et al. 2016).	Comment by Microsoft Office User: This also happens without the biological pump, and some people get sensitive about vague statements like that.	Comment by Christine Huffard: This seems very long- seems more in line with if carbon gets incorporated into marine sediments, which most doesn’t do. I see thousands of years referenced more often, though admit I haven’t read this citation.	Comment by Microsoft Office User: I interpreted this to mean 10s or 1000s of year (not 10s of thousands of years).	Comment by Christine Huffard [2]: Hahah yes- I must have been reading too fast!

Diel vertical migration, a key biological process for a wide variety of ocean animals, plays a significant but not well quantified role in carbon transport (Clements et al. 2026). Throughout the global ocean, zooplankton and nekton migrate vertically, spending nights foraging in food-rich surface waters and days avoiding predators in the dark refuge of the deep sea (Iwasa 1982). An estimated ten million tons of migrators (Irigoien et al. 2014) create a biological conveyer belt, actively transporting carbon consumed near the surface to the deep seafloor (Steinberg et al. 2000) tens of times faster than passive sinking (Brierley 2014), increasing the opportunities for that carbon to remain out of the atmosphere. Calculated fluxes for specific sites indicate that vertical migration of zooplankton, the ocean’s smallest animals, may account for an average of 10-20% of total carbon flux with peaks reaching 50-70% of total flux (reviewed in Clements et al. 2026). Global models estimate that 5-50% of total carbon flux (Archibald et al. 2019; Brierley 2014) and 10%-90% of particulate organic carbon flux (Boyd et al. 2019; Nowicki et al. 2022) may be mediated by diel vertical migration. To put these estimates in context, it is possible that this daily movement behavior of ocean animals is three times as important to the health of our planet as the Amazon rainforest before its widespread disturbance (Heinrich et al. 2021). Yet, diel migration arguably remains the most poorly constrained factor in the biological pump, largely because it has not been possible to measure its contributions directly (Clements et al. 2026). We sought to fill this important gap by coupling high-temporal resolution measurements of particulate organic carbon flux to the seafloor with sustained concurrent observations of the vertical distribution and diel behavior of midwater animals, directly linking the behavior of midwater animals to carbon flux.	Comment by Microsoft Office User: I know this is a general audience article, but can you be more specific? Do you mean the transport by migrators could be 3 times more than the amount fixed each year by a healthy amazon forest? Maybe that isn’t a direct comparison in the carbon cycle. The best comparison is how much carbon is sequestered in the soil vs. how much is transported to the deep ocean. Most of the photosynthesis by the amazon is respired again, and only a fraction gets sequestered in the soil, just like production in the surface ocean. Right?

I like this comparison, I just think we can hone it a little more.

Methods
Concurrent measurements of diel migration by ocean fauna and carbon flux to the deep seafloor were made over a period of 92 days in May-August of 2023 using sensors attached to the Monterey Accelerated Research System (MARS) cabled observatory node. The MARS observatory provides power and real time data to a site on outer Monterey Bay approximately 900 m deep at 36˚ 43’ N, 122˚ 11’ W on a continental slope topographic feature known as Smooth Ridge (Figure S1). Monterey Bay, an open embayment on the central California coast, is part of the California Current Large Marine Ecosystem, a dynamic and productive ecosystem strongly influenced by wind-driven seasonal upwelling (Checkley Jr and Barth 2009; Huyer 1983).

Animals in the water column
An upward-looking echosounder provided a nearly continuous record of the distribution abundance of acoustic scatterers throughout the water column during the study period. The calibrated, Simrad EK60 echosounder transmitted a 38 kHz, 2.048 ms ping upward every 2.5 s using a pressure-compensated Simrad 38-DD transducer with a 7º beam (see details in Urmy and Benoit-Bird 2021; Urmy and Horne 2016). Data were transmitted to shore where they were recorded and monitored in real time. Operating at 38 kHz, the echosounder was most sensitive to macrozooplankton and micronekton (cm and larger scale), particularly fishes (Benoit-Bird and Lawson 2016).

[bookmark: _Hlk189046518]Echosounder data were processed using Echoview 14.1 software. First, ambient noise, noise spikes, and echoes from the surface were removed. Acoustic backscatter data were then split into two parts following Benoit-Bird and Waluk (2021): aggregations of high intensity scattering that primarily represent fish aggregations including schools in the upper 200 m of the water column, and scattering values that remained consistent at a given depth through time of the scattering data, e.g., scattering layers. The depth that encompassed 97.5% of the total scattering was used to define the bottom of scattering layers. Twenty-minute average metrics were calculated for total scattering, aggregations of fish, and scattering layers including: a proxy of total biomass (total scattering or NASC), mean density of scattering (mean Sv), peak density of scattering (maximum Sv), the height of scattering features, and the biomass weighted mean depth (depth that splits the total scattering equally; center of mass). These metrics of scattering patterns were also calculated over daily intervals. Daily metrics also included a metric of the extent migration calculated as the change in biomass weighted mean depth from the hour centered at midnight to the hour centered at noon.

Particle fluxes at the seafloor
[bookmark: bbib122]Particle fluxes at the seafloor were monitored by the Sedimentation Event Sensor, an optical sediment trap (hereafter ‘carbon trap’) that collects and images sinking particles (McGill et al. 2016). Particles entered the 0.5 m2 funnel opening and accumulated on a 25 mm diameter slide for a 20-minute collection period. The sample was excited with blue LED light at 470 nm, and a fluorometer measured emission at 690 nm center wavelength with a 10 nm bandwidth. This reading indicates the possible presence of chlorophyll (Yentsch and Phinney, 1985) and fresh surface-derived material. Front- and back-lit macro images were then collected, after which the sample was discarded before the next 20-minute collection began. Back-lit images were used to calculate Attenuance (atn)the amount of light attenuated by particles on the collection plate (attenuance, atn), which has a quantitative relationship with carbon flux (Estapa et al.). For each collect interval, a background image was created from the maximum red channel pixel values of the preceding 20 images. Attenuance was calculated is theas the negative log-transformed ratio of the red-channel pixels in the sample image normalized to the background image pixel values. The mean of this computation for all pixel of the collection plate was multiplied by the area of the collect plate and then divided by the sediment trap collection area and collect time to calculate attenuance flux (m2 m-2 d-1). the light passing through a plane to a detector, to the light incident upon that plane. (Bishop et al. 2016)	Comment by Microsoft Office User: Might not need this if we aren’t using the data in this paper.	Comment by Christine Huffard [2]: Agreed- though it’s one of the variables in the multiple regression. If it ends up coming out then we can remove this

Statistical analyses
To identify significant temporal cycles in both pelagic fauna and carbon flux, spectral analysis was conducted on the minute resolution weighted-mean depth of scattering and 20-minute resolution attenuance flux data from the carbon sediment trap. A 5-sample Hamming window was used in the Fourier transformation to reduce spectral leakage. Resulting spectra were normalized to identify the power content of the signal as a function of period.	Comment by Christine Huffard: I’m fine with calling this a carbon trap, though wonder if “sediment trap” is used often enough that it would be confusing to people to read a different term 	Comment by Kelly Benoit-Bird: We should all discuss this. I’m fine with either but you are the experts ☺️.

To examine time-of-day effects in the attenuance flux data, each attenuance flux value was converted to a daily z-score; the daily mean attenuance was subtracted from each of that day’s measurement and divided by the day’s standard deviation. Approximately 85% of sampling days showed distinct peaks in attenuance flux between 0200-0500 and 1400-1900 with a mean z-score within these intervals of ≥+0.2 and at least 3 data points with z-score of ≥+1. The relative height of these peaks, a measure of the diel variability in attenuance flux, was described as the ratio between the average of each day’s diel peaks and the average of all attenuance flux values on the same day.	Comment by Christine Huffard: I’ll need to think about this more…it’s not the way I normally think about measuring variability, so I have to make sure not to mix up this and the next measure when reading further. Guessing it’ll be clearer as I read more. I wonder if calling it something else might be more specific…“ attenuance peak component” comes to mind but sounds clunky…I’ll think about this more	Comment by Kelly Benoit-Bird: I have modified this. Let’s see what you think.  	Comment by Microsoft Office User: This iteration makes sense to me.	Comment by Christine Huffard [2]: Yes this is much clearer to me too.

Potential drivers of particles reaching the seafloor were explored at both the original sampling resolution and at daily scales. Before analyses, each variable was assessed for normality and homoscedasticity, transformed as appropriate, and outliers (Cook’s D>0.025) trimmed. Akaike’s information criteria (AICC) was used to select explanatory variables for inclusion in each model. For variables with tolerance values less than 0.1, indicating collinearity, only the strongest variable was retained in final models. The 20-minute resolution echosounder metrics along with fluorescence measured in carbon particle samples, and tidal height and change in tidal height over the previous 20 minutes (National Oceanic and Atmospheric Administration Station 9413450, Monterey, CA) were used as explanatory variables of attenuance flux in the carbon sediment trap in a best-subsets linear regression model. Regression was repeated, offsetting the acoustic variables relative to attenuance in 2-hour steps up to 50 hours to identify the lag between observed animal processes in the water column and export of carbon at the seafloor. Data were then aligned using the best-fit lag before calculating daily metrics for each data set. Daily explanatory metrics were used to predict average daily attenuance flux and diel variability in attenuance flux using both best subset multiple linear regressions and generalized additive models. 

To aid in data interpretation and intercomparison, attenuance flux was converted to an estimate of carbon flux (mg C m-2 d-1) following Estapa et al. (2024). In addition to the total carbon flux each day, the proportion of the daily carbon flux accounted for by the twice daily peaks was estimated as the difference between the daily average flux and the average flux measured outside of the twice daily peak periods, leaving a 1-hour margin around each peak (12 hours of data each day: 0600-1300 and 2000-0100). The difference between the average and background flux was normalized to a fraction of the total daily flux. Linear regression was used to explore the potential relationship between the average daily carbon flux and the proportion accounted for by diel peaks.


Results
[bookmark: _Hlk189643568]The total abundance of midwater animals, their vertical structure, and their diel vertical movement varied over the study period with considerable changes sometimes observed between adjacent days (Figure 1A). Attenuance flux varied both within and between days (Figure 1B) with changes apparent as a function of time of day (Figure 2). Two peaks and two nulls in attenuance were observed daily. The timing of these peaks remained relatively consistent throughout the study period and accounted for, on average, 29% of daily carbon flux (standard deviation=0.21, 95% CI [1.7,73.9]). The mean daily estimated carbon flux during the study period was 0.27 gCm-2d-1 ± 0.10, (standard deviation=0.10, 95% CI [0.12,0.51]). There was no significant linear relationship between daily total carbon flux and the proportion accounted for in the twice daily peaks (f=0.64; df=1,91; p=0.43). Spectral analysis showed two dominant peaks in both the attenuance flux and scattering depth data (Figure 3). Each time series showed a strong peak at 12 hours and another at 24 hours, characteristic of a repeating, twice-daily pattern in each record.

Multiple linear regression examining the relationship between the characteristics of water column scattering and flux attenuance flux revealed a significant relationship (R2=0.14; p<0.01) with 4 significant predictors, all with a positive relationship to attenuance flux: weighted mean depth of total scattering, total biomass of layers (NASC of layers), density within layers (Sv within layers), and the peak density of aggregations (maximum Sv of outliers). Using these same predictors at various lags, the peak correlation was observed by shifting the attenuance data earlier by eight hours relative to the acoustic data set (Figure S2; R2=0.17; p<0.01). This offset of the daily pattern in flux attenuance is overlaid with the daily pattern in water column scattering in Figure 4.	Comment by Microsoft Office User: The spread in this data might be an interesting discussion point. It could be caused by variability in average sinking speed at different times, or by different animal species.

Best-subsets multiple linear regressions related the characteristics of water column scattering with daily flux and diel variability in flux (Table 1). Both daily models were significant, with diel variability in attenuance attenuance flux predicted more effectively than daily mean attenuance flux. Using a generalized additive model improved the daily mean attenuance prediction by about 0.07 relative to the multiple linear regression. Most variables were best fit by a linear relationship when penalties for the number of splines were included, though some showed rolloff at extreme high or low values. The improvement from the GAM came largely from an interaction between noon depth and migration. Attenuance flux tended to increase when daytime biomass was deeper and when migration range was higher. However, deep layers that did not migrate also contributed significantly to higher attenuance flux. This interaction did not appear in the GAM for Diel Attenuance Variability, indicating that these deep, non-migrating features did not strongly contribute to the appearance of diel peaks.

Should we add an estimate of fecal pellet sinking speeds in the results? Or speculate on that in the discussion?



What’s new
	Temporal resolution of flux + observations of animals at the same time
	Measured a dominant signal in flux, identified mechanism
	Identifying where in the water column flux that reaches the trap is coming from
	Quantified the variability in flux from DVM for the first time; highly dynamic at short time scales 

Key conclusions
· Total daily carbon flux was high (0.27 gCm-2d-1 ± 0.10, 95% CI [0.12,0.51]) 
· Diel vertical migration of acoustic scattering dominated by fishes is an important but highly variable contributor to carbon flux in Monterey Bay

· Spectral analysis shows peaks near 12 and 24 hours
· Missing environmental drivers that account for background variability in flux

· Twice daily peaks in Attenuance
· Diel peaks account for an average of 29% of daily carbon flux (range: 1.0-83.6%, standard deviation 29.2, 95% CI [1.7,73.9] ) 
· Peaks in carbon flux lag acoustic scattering patterns by 8 hours
· Timing of peaks relative to observed migrations suggests 
· Fish pooping at depth
· Ballast hypothesis (dump to fly and retain weight to go down)
· Carbon that was released higher in the water column did not make it to the seafloor 
· ~30% of variability in measured carbon flux can be explained by patterns in acoustic scattering consistent with fish, explanatory power of daily peaks in flux even higher
· Both total flux and peaks in flux dominated by fish depth structure and behavior
· Vertical distribution of scattering is the strongest observed driver of export values followed by diel behavior 
· Most important predictor is fish migrating to depth (in this high biomass, high flux habitat)
· Density of fish in schools contributes to overall carbon flux
· Biomass of fish is secondary
· Flux of Chlorophyll-a containing material adds to explanatory power, accounting for other sources of carbon and perhaps habitat variability
· We are not accounting for effects of zooplankton vertical migration, changes in community composition, or environmental factors
Questions
	Siphonophore contribution
 do we see tentacle bits in imaging? What form would this take?	Comment by Christine Huffard: Not a dominant feature. We don’t see a lot of stringy particles. Sliding down funnel does aggregate things, but I still think they’d be distinctly visible if they were there
Three image-based surveys were conducted nearby during the study period. These surveys included quantitative transects at 100 m increments from the surface to 1000 m with additional transects at 50 and 250 m. Each set of transects was repeated once during the day and once at night during each survey (Benoit‐Bird et al. 2023; Robison et al. 2017). While the observed daytime distribution of siphonophores overlapped with the depth range of strong scattering, nighttime observations of siphonophores were significantly deeper than the primary scattering layer, suggesting they are not the dominant sources of scattering.
	
	Contribution of other animals
		Video surveys show the coarse day/night distributions of crustaceans and squids generally follow a similar pattern to mesopelagic fishes.

	Do we see fecal pellets or fluff? Are fish fecal pellets too delicate to contribute to carbon flux?	Comment by Christine Huffard: both	Comment by Christine Huffard: no- we definitely see pellets that look like fish fecal pellets
	Can the time series tell us anything about siphonophore abundance relative to fish in this system or during this time period?
	Are the forms of carbon in the imagery in mid May when scatterers were all above 500 different from mid August when the layer extended to >700 m?	Comment by Christine Huffard: I think so- I can check


Discussion
· Reiterate the  main points:
· novelty of the direct observation, and the sustained time resolution
· atleast 30% of the coastal POC flux accounted for by vertically migrating animals
· definitely fish, maybe also other zooplankton that we didn’t’ directly observe but correlate
· Other discussion points
· What is the estimated sinking speeds of animal fecal pellets needed to drive an 8-hour delay
· Variability in those speeds driven by changing species or diet
· Why does depth of migration drive this correlation? 
· Bipassing the surface animals that fragment big juicy pellets
· deep injection isn’t attenuated by bacteria as rapidly
· Can we say anything about when they poop? All the time or only at a certain time of day?
· What form of particles reach the seafloor, pellets or fecal fluff?
· Why is this should be helpful/important to other people
· Specific metrics that can be used to develop more realistic and accurate carbon models
· Unappreciated ecosystem service of marine animals
· Could historical and ongoing echosounder surveys be used to create proxies for changes in deep carbon fluxes by active transport, without the need for co-located trap deployments?
· Promise and limitations of applying this approach or result more broadly
· Is the diel signal harder to detect in lower productivity ecosystems?
· Need sustained observations: Access to cabled observatories is limited but increasingly possible
· 
	Focus in much previous work has been on zooplankton, diel vertical migration often occurs in “ladders”, with animals higher in the food chain following their prey and hiding from their own predators (Vinogradov 1962). With increasing swimming capabilities and more visibility in these larger animals, they often have a greater extent of migration (De Robertis 2002), further increasing their potential for active transport
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Leftover notes:
Key factors that affect active carbon flux in models include the specific species migrating, the proportion of individuals undergoing migration, the extent of migration, the biomass of animals, and where fecal pellets are produced.

Model predictions of active flux are affected by a number of characteristics of the migrations including the specific species migrating, their size distribution, the proportion of individuals undergoing migration, the extent of migration, the biomass of animals, and where fecal pellets are produced (Archibald et al. 2019; Bianchi et al. 2013), factors that are challenging to measure in situ and contributing the wide variability in model predictions.


While studies suggest DVM can contribute substantially to the biological pump, uncertainties remain about its global magnitude, variability across regions and species, and how it will respond to climate change, leaving it an important frontier in ocean carbon cycle research.

In models, 15-40% of particle export from plankton DVM at three sites in the Pacific (eqpac, aloha, K2 in the arctic) (Bianchi et al. 2013)
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Figure 1. A. The vertical distribution of acoustic volume backscatter at 38 kHz, a proxy for the density and biomass of animals, primarily identified as fishes, throughout the sampling period in 2023. Black vertical bands represent missing data during short gaps in sampling. B. The distribution, density, and summary statistics for the amplitude of attenuance for each day throughout the study. In gray, the violin plots show the data density where wider section represent more data points for attenuance values. Black circles represent the median value for each hour while days when sampling did not occur are denoted with an x.
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Figure 2. Attenuance measured in the carbon trap as a function of time of day. A. Normalized attenuance throughout the sampling period. Raw values were converted to a daily z-score where the daily mean was subtracted from the value in each 20-minute sampling bin and divided by the day’s standard deviation. This minimizes differences in absolute attenuance between days while highlighting daily patterns. Gaps in sampling are highlighted in dark gray. B. The mean daily pattern in attenuance z-scores. C. The distribution, density, and summary statistics of the amplitude of attenuanceover the study period are shown in one-hour bins. In gray, the violin plots show the data density where wider section represent more data points. Black circles represent the median value for each hour while the black line shows the mean.

[image: ]
Figure 3. The normalized spectral density of 20-minute resolution data from both the carbon trap (A) and echosounder (B) collected from May to August of 2023 at the MARS cabled observatory. Both datasets show dominant signals around 12 and 24 hour periods. 


[image: ]
Figure 4. A. A composite echogram shows the average daily pattern of acoustic scattering strength as a function of depth over the study period. Overlaid on this is the vertical speed of the change in the weighted mean depth of scattering, the red line, highlighting the timing of vertical migration. The gray line shows the mean attenuance measured in the carbon trap while the black dashed line represents the same data offset 8 hours earlier to match the strongest observed correlation with the acoustic data. B. Images from the optical carbon trap taken near the peaks and nulls in the measured attenuance on each of three consecutive days from the middle of the study period. Over each of these days, diel peaks accounted for ~35% of the total carbon flux of ~0.3 gCm-2d-1. These samples illustrate the patterns observed in carbon flux and the forms of carbon found in the trap throughout each diel cycle.



[bookmark: _Hlk225171259]Table 1. Summary of best subsets multiple regression models for daily mean and diel variability (diel peak/mean) attenuance values at the MARS cabled observatory. Attenuance and fluorescence data collected by the optical carbon trap were shifted 8 hours earlier to align with the echosounder data before daily values were calculated (n=92 days).
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Supplemental material
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Supplemental Figure 1. A map of the Monterey Accelerated Research Station (MARS) site on the west coast of North America along with nearby bathymetric features.
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Supplemental Figure 2. A correlogram showing the regression coefficient of best subsets multiple regression models relating attenuance measured in the carbon trap with measures of acoustic scattering, fluorescence, and tidal data at various time lags. All data were in 20-minute bins, resulting in approximately in a sample size of ~5600. The significant predictors in the final model were weighted mean depth of all scattering (+), a proxy of scattering layer biomass (NASC, +), acoustic density within scattering layers (mean Sv, +), and the peak density of schools (maximum Sv, +). The correlogram shows a peak in the strength of the relationship at 8 hours with a smaller peak at a daily harmonic of this lag, 32 hours.
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Weighted mean depth at noon 3.48 <0.001 + 0.14

Total daily biomass (NASC) 3.39 <0.001 +0.06 Midnight-Noon change in school depth 3.31 <0.001

+

0.09

Mean Sv of schools 2.85 <0.005 +0.05 Daily mean density in layers (Sv) 2.86 <0.01 + 0.07

Mean daily fluorescence at 690 nm 2.07 <0.01 +0.04

Adjusted R

2

27.37 <0.001 0.35

Adjusted R

2

18.69 <0.001 0.46

Explanatory variables are listed in descending order of importance for each model. The slope of the relationship for each explanatory variable is shown along with its adjusted beta. 

The R

2

 for each model adjusted for the number of variables in the model is also shown.
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