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 Living organisms impact carbon transport between the atmosphere and the ocean 

through the biological carbon pump. Some plankton communities augment carbon export 

from the ocean’s surface, and are thought to have a major role in global climate. These 

export communities are often characterized by larger organisms that sink to depths where 

the carbon they contain is sequestered from the atmosphere. Zooplankton can enhance 

export by aggregating prey into larger sinking fecal pellets; however fecal pellet flux is a 

highly variable component of the biological carbon pump. Relating plankton trophic 

dynamics to changes in particulate carbon flux is an important step in understanding the 

ocean’s carbon cycle. 

 This research aims to connect plankton ecology with variability in zooplankton 

fecal pellet carbon flux, using body size as an organizing trait. A copepod fecal pellet 

carbon flux model is presented and applied to 25 years of copepod data from the Gulf of 

Maine. This model uses size-based metabolic rates to estimate fecal pellet production, 

and sinking and decay functions to estimate flux. The results show that copepod 



community size structure determines fecal pellet carbon flux efficiency, but that flux 

itself is determined by copepod abundance and size. A second iteration of this model, 

which includes a temperature-dependent pellet decay function and diel vertical migration 

behavior, is applied to 55 years of copepod data from the North Atlantic Ocean. Analysis 

shows that fecal pellet carbon flux is decreasing as a result of declining copepod biomass, 

coincident with ocean warming. However, these changes vary from region to region, 

highlighting the importance of local dynamics. A study of local-scale trophic dynamics in 

the Gulf of Maine tests whether feeding and zooplankton fecal pellet production increases 

particle size, and therefore flux potential, in plankton communities. These experiments 

show tight coupling between microplankton and mesozooplankton, and demonstrate the 

importance of fecal pellet production as a mechanism for aggregating smaller particles 

into larger, sinking fecal pellets. Collectively this work shows that organism body size 

can be used as an organizing trait to connect individual-scale biology with variability in 

the biological carbon pump.  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CHAPTER 1 

DISSERTATION INTRODUCTION 

 The biological carbon pump is a set of processes through which living organisms 

impact the transport of carbon between the atmosphere and the ocean (Ducklow et al. 

2001). Some plankton communities augment carbon export from the ocean’s surface, and 

are thought to have a major role in global climate on geologic time-scales (Sigman & 

Boyle 2000). These “export communities” are generally characterized by large, ballasted 

phytoplankton cells whose production rates are high enough that they escape predation 

and “bloom” (Buesseler 1998). Export can also occur due to sinking zooplankton fecal 

pellets, which are essentially aggregates of smaller prey organisms (Honjo et al. 2008); 

however zooplankton fecal pellet flux is a highly variable component of the biological 

carbon pump (Turner 2015). Relating zooplankton communities and plankton trophic 

dynamics to changes in particulate carbon flux is an important step in fully understanding 

the ocean’s carbon cycle (Sanders et al. 2014). 

 Feedback loops within Earth’s climate system are part of what make predicting 

and understanding climate change such a challenge. One possible feedback involves the 

biological carbon pump, ocean temperature, and plankton community size structure. 

Larger biogenic particles in the ocean generally sink more quickly than small particles 

(Guidi et al. 2008), making them more likely to reach a sequestration depth before being 

remineralized and recycled in the upper ocean. For this reason, particle size structure can 

explain changes in carbon export efficiency (Boyd & Newton 1999). Particle size is also 

affected by water temperature because warmer surface water can lead to water column  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stratification and subsequent nutrient limitation. These physical and chemical conditions 

support small-celled primary producers (Morán et al. 2010), and smaller-bodied 

organisms in the marine food web (Daufresne et al. 2009). Since smaller particles 

generally decrease particle export, they can also result in less carbon sequestration at 

depth, and therefore dampen this mechanism for drawing carbon away from the 

atmosphere. Thus, the biological carbon pump may be part of a positive feedback with 

Earth’s warming climate and oceans.  

 In the following chapters, I aim to connect plankton ecology to variability in the 

biological carbon pump. A size-based copepod fecal pellet carbon flux model, applied to 

25 years of the Gulf of Maine Continuous Plankton Recorder (CPR) dataset, is presented 

in Chapter Two. I explore the model’s sensitivity to different parameters and examine the 

contribution of different copepod taxa to fecal pellet carbon flux. The validity of the 

model is tested using the limited datasets available. Based upon lessons learned from the 

first model iteration, I expand upon and improve it, and present the results of applying it 

to 55 years of the North Atlantic CPR time series in Chapter Three. Chapter Four 

describes experiments which I designed to test the impact that mesozooplankton (> 200 

µm) grazing has on the microplankton and detrital (< 200 µm) size spectrum. These 

experiments were conducted over eight months in 2014. Collectively these chapters 

explore the use of body size as an organizing trait which connects individual-scale 

biology with variability in the biological carbon pump. 
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CHAPTER 2 

SIZE AS THE MASTER TRAIT IN MODELED COPEPOD  

FECAL PELLET CARBON FLUX 

Introduction 

Relationships among marine primary production, oceanic carbon flux, global 

geochemical cycles, and climate are well established. In 1990, Martin published his 

famous “Iron Hypothesis”, based on the premise that increased primary productivity 

could result in increased carbon flux to the seafloor, shifting Earth’s climate toward a 

cooler regime (Martin 1990). However, this is an incomplete depiction of the processes at 

work in the world’s oceans. Not all phytoplankton cells are equal with regard to flux, 

with particle size being the primary determinant of phytoplankton carbon flux to depth 

(Boyd & Newton 1999). Further, a complete understanding of variability in carbon flux 

must include top down grazing pressure in addition to primary productivity (Behrenfeld 

& Boss 2014). The set of processes that collectively result in organic matter sinking from 

the euphotic mixed layer to depth (i.e. the biological carbon pump) is not only an avenue 

of carbon sequestration in the deep ocean, but also connects the upper water column 

productivity to benthic productivity. Global patterns of biogeochemical cycling in the 

ocean reflect marine food web size structure (Legendre & Rassoulzadegan 1996), and 

these structures persist on a foundation of changing oceanographic and climatic 

conditions (Lutz et al. 2007).  

Mechanisms underlying the relationship between ecosystem structure and 

biogeochemical cycling can be described on very broad (i.e. ecosystem) and very narrow 
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(i.e. organism) scales; but scaling up from the latter to the former is a challenge. 

Mesozooplankton fecal pellet production and sinking is one highly variable component of 

the oceanic biological carbon pump (Turner 2002). This variability can be better 

understood by relating individual-scale biology to ecosystem-scale fecal pellet carbon 

(FPC) flux, or the amount of FPC reaching a target depth per unit time. Using metabolic 

theory and field observations, we built a size-based copepod FPC model that links Gulf 

of Maine copepod communities to seasonal and inter-annual patterns in estimated FPC 

concentration and flux.  

We use copepod size as an organizing “master trait” (Litchman & Klausmeier 

2008; Litchman et al. 2013) because it connects ecosystem structure with fecal pellet 

production and sinking rates, and therefore flux. The relative proportion of small to large 

mesozooplankton varies with latitude, temperature and nutrient regime (San Martin et al. 

2006), and the sizes of individual copepods cumulatively result in varying community 

size spectra. Higher temperatures also result in smaller body size, within species (Record 

et al. 2012). Body size also determines fecal pellet size (reviewed in Mauchline 1998), 

and therefore sinking velocity, since settling speed is dependent upon particle size (Guidi 

et al. 2008). By examining the computed cumulative fecal pellet production of copepod 

communities over different time scales, we provide a mechanistic explanation for 

seasonal and interannual FPC flux variability. We test the hypothesis that the copepod 

community size composition and copepod abundance drive patterns in FPC reaching 

depth; we expect that higher proportions of larger copepods will result in higher relative 

FPC export.  

!4



Methods 

Our goal is to understand how changes in copepod community size structure and 

abundance can result in carbon export variability. We built a model that links copepod 

communities in a surface layer with fecal pellet flux to depth, in the Gulf of Maine. The 

model begins with copepod body size and builds to total fecal pellet carbon (FPC) 

produced in the surface layer, incorporating temperature-metabolism relationships. A 

size-based transport and decay function was used to estimate flux to a particular depth 

(Fig. 2.1). We applied this model to field observations from the Gulf of Maine 

Continuous Plankton Recorder (CPR) dataset (Fig. 2.2).  

Continuous Plankton Recorder copepod data – Continuous plankton recorders 

are sampling instruments, towed behind ships of opportunity, which collect and preserve 
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Figure 2.1. Schematic diagram of the fecal 
pellet carbon model showing inputs (italicized), 
model variables (plain text) and outputs 
(underlined); the nodes represent the equations 
in the paper.



plankton. The mesh size (270 µm) was chosen to give an accurate representation of the 

mesozooplankton and large phytoplankton, without clogging (Richardson et al. 2006). 

However, sampling with a 270 µm mesh under-samples smaller organisms, excluding 

fecal pellets produced by copepod species smaller than 270 µm from the model results. 

Comparison of absolute copepod abundance in the Gulf of Maine from the CPR time 

series and a Bongo net time series (1978-2006) show that the Bongo net is more efficient 

at capturing the most abundant copepods, possibly due to its lower tow speed. However, 

trends in interannual and seasonal abundance and composition are statistically similar in 

the two datasets for total zooplankton, and for the most abundant copepod species (Kane 

2009). We applied our model to previously enumerated and taxonomically identified CPR 

samples (n = 1961). The samples were collected from January 1988 through May 2013, 

on a 452 km transect primarily between Boston, Massachusetts, United States of America 
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(U.S.A.) and Cape Sable, Nova Scotia, Canada (Jossi et al. 2003) (Fig. 2.2). We excluded 

nearshore samples because zooplankton community composition tends to be different in 

coastal versus offshore communities (Record et al. 2010). Each sample represents the 

organisms in approximately 100 m3 of seawater, from approximately 7 m depth 

(Richardson et al. 2006). Only copepod data were included, as copepods make up the 

majority of the CPR zooplankton dataset (Kane 2009), and are the most numerous 

mesozooplankton group in the ocean (Mauchline 1998). This subset of the Gulf of Maine 

CPR time series was chosen for analysis because copepod taxonomic identification and 

enumeration were consistent throughout. In our model application, we used 

concentrations of 22 copepod taxa, which make up 94% of the organisms identified over 

the 25-year period. Of the 6% excluded from analysis, 5.99% were of the CPR 

identification group, “copepoda”. We excluded these organisms due to their non-specific 

identification. Of the 22 taxa included, 12 were identified to species, 9 to genus, and one 

to a grouping of two similarly sized genera (Pseudocalanus/Paracalanus spp.). The CPR 

dataset reports the abundances of each copepod taxon by combining copepodid stages. 

For example, Calanus finmarchicus abundance for each sample includes both stage C5 

copepodids and adults (CVI), but is reported as one total abundance. Since our model is 

dependent upon copepod size, which varies with life history stage, we divided each CPR 

abundance count into the number of stages included in that count. The most abundant 

taxa in the original CPR dataset are divided by older (CIV or CV to CVI) and younger 

(CI-CIII or CIV) developmental stages, reflecting some stage structure dynamics. 

Continuing the example, if a sample reported 500 C. finmarchicus m-3, then we divided 
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that by two to get 250 CV C. finmarchicus m-3, and 250 CVI C. finmarchicus m-3. 

Through this process, the original 22 stage/taxon combinations reported in the CPR 

dataset became 63 unique stage/taxon copepod groups (Table 2.1). More detailed stage 

information would yield more accurate FPC estimates. 

Temperature data – Monthly temperature estimates for the Gulf of Maine were 

extracted from the Northeast Coast Ocean Forecast System (NECOFS) model (http://

fvcom.smast.umassd.edu/necofs/). NECOFS is a forecasting system that incorporates 

multiple sub-models, including the Finite-Volume Coastal Ocean Model, configured for 

the Gulf of Maine, Georges Bank and New England Shelf (FVCOM-GOM). Hindcasts 

and comparative studies have shown that these models are accurate for temperature 

(Cowles et al. 2008). We therefore elected to use these data to provide a uniform source 

of depth-integrated temperatures for our entire CPR copepod time series.  

We identified 10 locations that were centered along the CPR sampling track (Fig. 

2) and extracted monthly temperature at each of those sites, from the NECOFS model. 

For each CPR copepod sample, we found the closest temperature location, and used a 

linear interpolation of time between the two months bounding the CPR sample date. We 

used an average of temperatures from the upper 30 m of the water column. 
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Table 2.1. Summary of copepod species and stages included in this chapter; the 
“Percent of total” indicates the percent of all copepods in the CPR dataset represented 
by a given taxon; “Slope” (mi) and “Intercept” (bi) indicate the parameters used to 
calculate prosome length (PL) in the model, PL = mi(T) + bi, where T is temperature in 
°C; “Method” indicates how the PL-T relationship was determined: Literature = a 
published relationship was used; Calculated = relationship calculated fitting a line to 
min and max temperatures and lengths; Estimated = best estimate based upon all 
available knowledge; Modeled = relationship back-calculated based upon known 
relationship of a later stage and published growth rates. For full citations, see the 
Appendix A.

Species Copepodid 
stage, sex

Percent 
of total Slope Intercept Method Literature used

Calanus 
finmarchicus V

10.2
-33.1 2665 Literature Campbell et al. 2001

Calanus 
finmarchicus VIF -39.1 3073 Literature Campbell et al. 2001

Temora 
longicornis IV

2

-17.7 779.8 Literature Hirst et al. 1999

Temora 
longicornis VM -45.9 1333.1 Literature Hirst et al. 1999

Temora 
longicornis VIF -38.65 1265.8 Literature

Deevey 1960; Hirst et al. 
1999

Metridia lucens V 0.5 -23.9 1594 Calculated

McLaren et al. 1989; 
Batchelder and Williams 
1995; Hays et al. 1998

Metridia lucens VIF -32 2200 Calculated
Batchelder and Williams 
1995; Hays et al. 1998

Centropages 
hamatus IV

0.2

-11.6 723 Literature Hirst et al. 1999

Centropages 
hamatus V -15.65 876.5 Literature Hirst et al. 1999

Centropages 
hamatus VIF -22.4 1162.5 Literature Hirst et al. 1999

Paraeuchaeta 
norvegica III

< 0.1

-28 1500 Estimated -

Paraeuchaeta 
norvegica IV -31.9 2903.9 Calculated Tönnesson et al. 2006

Paraeuchaeta 
norvegica V -26.8 4366.2 Calculated Tönnesson et al. 2006

Paraeuchaeta 
norvegica VIF -31.6 5683.9 Calculated Tönnesson et al. 2006



Table 2.1 continued 

!10

Species Copepodid 
stage, sex

Percent 
of total Slope Intercept Method Literature used

Paracalanus/
Pseudocalanus I

10.4

-17 515.9 Modeled
Deevey 1960; Ji et al. 
2009

Paracalanus/
Pseudocalanus II -18.9 597.4 Modeled

Deevey 1960; Ji et al. 
2009

Paracalanus/
Pseudocalanus III -20 691.4 Modeled

Deevey 1960; Ji et al. 
2009

Paracalanus/
Pseudocalanus IV -23 799.7 Modeled

Deevey 1960; Ji et al. 
2009

Paracalanus/
Pseudocalanus V -25 924.3 Modeled

Deevey 1960; Ji et al. 
2009

Pseudocalanus VIF -28.3 1212 Literature Deevey 1960

Pseudocalanus* VIF 8.2 -28.3 1212 Literature Deevey 1960

Paracalanus VIF 2.7 -5.95 784 Literature
Uye 1991; Sun et al. 
2012

Acartia danae II

< 0.1

-21.1 622.6 Modeled

McLaren 1978; http://
192.171.193.133/
detail.php?sp=Acartia
%20danae

Acartia danae III -25.3 749.5 Modeled

McLaren 1978; http://
192.171.193.133/
detail.php?sp=Acartia
%20danae

Acartia danae IV -31.7 946.1 Modeled

McLaren 1978; http://
192.171.193.133/
detail.php?sp=Acartia
%20danae

Acartia danae V -44.6 1346.5 Modeled

McLaren 1978; http://
192.171.193.133/
detail.php?sp=Acartia
%20danae

Acartia danae VIF -85 2615 Calculated

McLaren 1978; http://
192.171.193.133/
detail.php?sp=Acartia
%20danae

Clausocalanus VIF 0.1 -25 924.3 Modeled
Deevey 1960; Ji et al. 
2009



Table 2.1 continued 
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* Pseudocalanus spp. adult females were included as their own category, as well as in 
the Paracalanus/Pseudocalanus complex

Species Copepodid 
stage, sex

Percent 
of total Slope Intercept Method Literature used

Centropages 
typicus IV

12.9
-9.2 1084.3 Modeled

Deevey 1960; McLaren 
1989; Liang et al. 1996

Centropages 
typicus V -10.7 1190.8 Modeled

Deevey 1960; McLaren 
1989; Liang et al. 1996

Centropages 
typicus VIF 11.8 -11.8 1266 Literature Deevey 1960

Nannocalanus 
minor V

< 0.1
-10 175 Estimated -

Nannocalanus 
minor VIF -11 188 Literature

Ashjian and Wishner 
1993

Centropages 
bradyi VIF < 0.1 -11.8 1266 Literature Deevey 1960

Candacia III
< 0.1

-16 949.9 Modeled
Richardson et al. 2001; 
Ji et al. 2009

Candacia IV -19.8 1095.1 Modeled
Richardson et al. 2001; 
Ji et al. 2009

Pleuromamma II

< 0.1

-4.6 661.6 Calculated Park, unpubl.

Pleuromamma III -7.2 916.2 Calculated Park, unpubl.

Pleuromamma IV -16 1198 Calculated Park, unpubl.

Pleuromamma V -11 1614 Calculated Park, unpubl.

Pleuromamma VIF -24 2253 Calculated Park, unpubl.



Building the model – Our model has two key outputs: 1) FPC concentration in 

the surface layer, and 2) FPC concentration at a particular depth (underlined text in Fig. 

1). From concentration at depth we also estimated FPC flux. Observed copepod 

community composition and concentration, and monthly temperature served as the 

model’s foundation (italicized text in Fig. 1). With these data and known relationships 

between temperature, size, and metabolic rates, we derived a series of related variables 

necessary for estimating FPC concentration and flux (summarized in Table 2.2).  

Copepod lengths – The CPR data set does not contain copepod lengths, which 

were critical to our model. Copepod prosome length is strongly related to the 

temperatures at which growth occurs (reviewed in Mauchline 1998). To reflect the impact 

of changing temperature on body size in our model, we needed a temperature-prosome 

length (PLi, µm) relationship for each copepod stage/taxon (i) represented in the CPR 

dataset: 

 PLi = miT + bi      (2.1) 

where T is the temperature in °C, and mi and bi are parameters either from the literature or 

estimated. Published temperature-PL relationships were available for one third of the 

copepod stage/taxon groups, or 39.2% of all copepods in the dataset. We estimated the 

remaining temperature-PL relationships using one of two methods depending upon the 

published information available. The first method is a “back-calculation” from older to 

earlier stages, and therefore requires a known temperature-PL relationship for an older 

copepodid stage, as well as parameters for a temperature-dependent development 
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equation and a mass-specific growth equation. Copepod stage duration (Di, days) is a 

function of temperature (Belehrádek 1935): 

Di = a(T+α)β      (2.2) 

 where T is temperature in degrees Celsius, a and α are fitted parameters for each taxon 

(i). β is -2.05 for Calanoid copepods (Corkett et al. 1986; Campbell et al. 2001; Record et 

al. 2012) and -2.6 for Cyclopoid copepods (Uye & Sano 1998) due to differences in their 

growth patterns. Instantaneous growth (g) was estimated using a temperature-dependent 

exponential model (Huntley & Lopez 1992). If both D and g are known, mass at a given 

stage can be calculated (Huntley & Lopez 1992; Record et al. 2012). We used a mass-

specific inverse-growth equation to estimate the mass of earlier life stages (Ms-1, µm3): 

Ms-1 = Mse-gDs-1      (2.3) 

where g is the mass-specific growth rate, Ds-1 is the duration of the earlier stage, and Ms is 

the mass of the older copepodid stage. The units are µm3 because we used prosome 

length to the third power to estimate mass and vise versa; the two are consistently 

proportional to one another in copepods (Hirst 2012). This process was completed with 

the maximum, mean and minimum temperatures in our dataset, and from these three 

lengths, a linear model was applied and temperature-PL relationship determined (eq. 2.1). 

Back-calculation was used to get temperature-PL relationships for approximately one 

third of the copepod stage/taxon groups, or 59.7% of the copepods in the dataset. 

A second method was used when there was not enough published information to 

back-calculate a relationship. We fit a linear equation to minimum and maximum 

temperatures in our temperature dataset to maximum and minimum copepod prosome 
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lengths from field data in published papers. We used this method for 1.1% of the 

copepods. Finally, copepod species and stages for which no information was available 

were estimated based upon the trajectory of later stages of that species, or length 

parameters of congeners; these stage/taxon groups made up < 0.0001% of the copepods 

in the dataset. 

Calculating fecal pellet carbon flux – Metabolic functions, such as fecal pellet 

production, are scaled both to an organism’s size, and to the temperature (Brown et al. 

2004). We calculated a fecal pellet production rate (FPPi, fecal pellets copepod-1 h-1), the 

rate at which each copepod would produce fecal pellets. We used copepod size and local 

NECOFS temperature in an equation based upon allometric and metabolic temperature 

dependence relationships (Brown et al. 2004): 

 FPPi = Ce-E/kT PLi
γ     (2.4) 

where C is a scaling constant. E is activation energy (eV), k is the Boltzmann constant 

(8.62×10-5 eV K-1), T is the temperature in K, PLi is the copepod prosome length (mm), 

and γ is the mass scaling constant. Allometric scaling of metabolic rates usually refers to 

the mass of an organism, rather than length; therefore we estimated mass from length to 

the third power (Hirst 2012). Fecal pellet production rates also depend on prey 

availability (Besiktepe and Dam 2002). Therefore, parameters E and γ were estimated by 

fitting a model to observed fecal pellet production under a variety of food conditions, 

from limiting to non-limiting (See Αppendix A). Thus, estimated FPP assumes mean 

feeding conditions. 
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The volume of a copepod fecal pellet is directly related to the size of the pellet’s 

producer (reviewed in Mauchline 1998). We estimated the volume of a single fecal pellet 

produced by each copepod (FPVi, µm3): 

log10FPVi = θ log10(PLi) + η      (2.5) 

where PLi is prosome length in mm, and θ and η are parameters that we derived from 

fecal pellet dimensions and the prosome length of the copepod producing the fecal pellet. 

This was accomplished with a literature review (See Αppendix A). We found a strong log-

linear relationship between fecal pellet volume and pellet length (n = 23, R2 = 0.89); 

therefore, when pellet volume was not available but pellet length was, this relationship 

was used to estimate volume.   

The proportion of FPC produced near the sea surface that reaches a particular 

depth depends upon the retention of fecal pellets in the water column (Feinberg & Dam 

1998; Wexels Riser et al. 2002; Möller et al. 2011). Fecal pellets generally conform to 

Stokes Law, which indicates that sinking rate scales with pellet radius squared 

(Mauchline 1998). Smaller fecal pellets, which therefore sink at disproportionately slow 

rates, are exposed to disaggregating processes for a longer period of time than larger, 

rapidly sinking pellets. We can use the sizes and numbers of the fecal pellets produced by 

a given copepod community, with an estimated retention rate as they sink through the 

water column, to estimate how much FPC reaches depth. From FPVi, we estimated the 

sinking rate (SRi, m h-1) of each fecal pellet: 

log10SRi = φ log10(FPVi) + τ      (2.6) 
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where τ and φ were calculated from compiled observations during experiments with 

different zooplankton feeding on different prey (n = 806, R2 = 0.60)  (L.R. Feinberg and 

H.G. Dam, unpubl., see Αppendix A). FPVi (µm3) was calculated as described above (eq. 

2.5).  

Fecal pellet carbon concentration in the surface layer (FPCsfc, mgC m-3) is a 

function of the number of pellets produced (FPPi), the volume of each pellet (FPVi), the 

copepod concentration (ni), and is adjusted for pellets sinking out of the surface layer 

where we assume FPC concentration to be constant. FPCsfc is one of the key model 

outputs, and is an estimate of total fecal pellet carbon mass produced by any given 

copepod community sampled by the CPR. A simple differential equation was used to 

represent the production of FPC in the surface layer, as well as fecal pellets sinking out 

(See Αppendix B); the following solution represents fecal pellet concentration in the 

surface layer:  

     (2.7) 

where FPPi (fecal pellets copepod-1 h-1) and FPVi (µm3) are estimated as described above 

(eq. 2.4 and 2.5, respectively), and ni is observed copepod concentration of each stage/

taxon category in the CPR dataset (copepods m-3); κ is a constant representing the nearly 

linear conversion from fecal pellet volume to FPC (Mauchline 1998). We used a 

conservative fecal pellet volume conversion of 25 ± 5 ngC per FPVi x 106 µm3, derived 

from fecal pellets produced in the ocean by copepods feeding on an assemblage of natural 

prey (Urban-Rich et al. 1998).  SRi is the fecal pellet sinking rate as a function of fecal 

pellet volume (eq. 2.6); h is the height of the surface layer for which the CPR sample is 

!16

FPCsfc= ∑ [ FPPi κ FPVi ]nir + SRi/hi



representative of copepod concentration. The CPR samples come from approximately 7 

m; therefore we estimated that on average, the sample is representative of the top 14 m of 

the water column, with respect to copepod concentration. The fecal pellet 

remineralization rate (r) is the rate at which fecal pellets may be broken down and 

retained in the upper water column.  In the ocean this rate changes in space and time 

(Wexels Riser et al. 2002; Möller et al. 2011), and the extent to which the decomposer 

community tracks production of detritus in the water column is unknown. We estimated r 

for sinking fecal pellets by solving an exponential decay function representative of fecal 

pellet decay in the water column. We assumed that the mean ratio of FPC concentration 

at depth to FPC concentration in the surface layer (FPCsfc), averaged over the entire time 

series, was constant. This scenario suggests that the detritivore community varies with the 

amount of material available, resulting in a constant decay rate (See Appendix B).  

We then applied this decay function to the FPC concentration in the surface layer 

to estimate the amount of FPC reaching the depth of interest (FPCd, mgC m-3): 

    (2.8) 

where FPPi, FPVi and SRi are calculated as described above, ni is copepod concentration 

from the CPR dataset,  is the fecal pellet volume to carbon conversion constant, r is the 

remineralization rate, h is the height of the surface layer, and z is the depth of interest. 

Finally, we estimated FPC flux (mgC m-2 d-1) by multiplying FPCd by pellet sinking rate 

(SRi), to give flux units mgC m-2 d-1.  
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 Error propagation and sensitivity analysis – There is considerable uncertainty 

in the parameters that control the dynamics of the model. We estimated the impact of this 

uncertainty on the output variables.  We also examined the sensitivity of the output to 

changes in the parameters. 

We used a resampling method to propagate error through the calculations. Means 

and standard errors of the parameters were calculated during meta-analysis of published 

experimental data (Table 2.3). Normal distributions with those calculated means and error 

terms were assumed for all parameters. We calculated the model outputs (fecal pellet 

carbon concentration and flux) using parameter values that were randomly resampled 

from the normal distributions, with replacement (n = 1760 ± 20). The variable values that 

we report in this paper (Table 2.2) are the averages and standard deviations of these re-

calculations. We did not assume a normal distribution of model outputs (FPC 

concentrations and flux) because the model variables interact non-linearly during the 

calculation of FPC. We calculated the mean model outputs using the mean of each 

parameter (henceforth the “mean model”). This is the model that is most likely to occur, 

based on available data. The 95% confidence intervals, minima and maxima for the 

model outputs were calculated from all model runs (n = 1760 ± 20), and represent the 

estimated lower and upper bounds for the true distribution of the model outputs. 
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Table 2.2. Summary of input variables 

  

 We calculated the model outputs using three different remineralization rates (r in 

eq. 2.7 and 8): 50%, 75% and 95%. This showed the effect of fecal pellet retention rate as 

the pellets fall through the water column. We also tested the sensitivity of our model to 

the variability of each input variable by calculating fecal pellet carbon flux seven times; 

each time we held the parameters associated with zero, one or two variables constant (i.e. 

none, FPV, FPP, SR, FPV+FPP, FPV+SR, and FPP+SR). This test allowed us to see 

whether one input variable disproportionately contributed to the model output variability.  

Annual climatology – We calculated a one-year climatology of FPC 

concentration over an average annual cycle. A biweekly moving average of FPC 

concentration in the surface layer (FPCsfc) and at the mean depth of the Gulf of Maine 

(139 m, FPCd) was determined for each year, from 1988 to 2012; the year 2013 was 

excluded because data were only available through May that year. The corresponding 

biweekly means from each year were averaged together to provide the mean annual 

climatology of FPC concentration. We chose to use a moving average to show the 

seasonal trends over the course of a year, and to smooth the high spatial heterogeneity 

Variable units minimum maximum mean median std. dev.

PLi: prosome length µm 25.3 5.6 x 103 1.1 x 103 8.8 x 102 44.3

FPPi: fecal pellet 
production

fecal pellets 
copepod-1 h-1 0.4 2.3 0.8 0.7 0.04

FPVi: fecal pellet volume µm3 20.2 2.3 x 107 9.3 x 105 1.9 x 105 1.6 x 105

SRi: fecal pellet sinking 
rate m h-1 0.1 8.8 2.2 1.9 0.7
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typical of zooplankton distributions over the Gulf of Maine. We also calculated the 

absolute and relative contributions of copepods from five size ranges, to the FPC 

reaching the seafloor; this showed how copepod size affects FPCd over an annual cycle in 

the Gulf of Maine. 

We calculated a FPC export efficiency term (henceforth “FPC flux efficiency”), 

representing the fraction of FPC produced at the surface that reaches the target depth, to 

explore the relative importance of copepod concentration and body size.  It was 

calculated as the ratio of FPCd to FPCsfc. We assumed that 75% of the pellets produced at 

the surface were remineralized in the water column before reaching the 139 m depth 

horizon. Fecal pellet retention in the Barents Sea (i.e. the proportion produced reaching a 

target depth) has been reported as 40% at an ice edge to 96% in the Atlantic sector 

(Wexels Riser et al. 2002). We used this range as a guideline because fecal pellet 

retention has not been measured in the Gulf of Maine. Thus, a 75% retention rate 

represents moderate retention. Mean copepod lengths and mean community 

concentrations were also calculated to compare to the model outputs. 

Comparison of model results to field data – Direct validation of this model 

would require long-term sediment trap samples from under the Gulf of Maine CPR 

transect, analyzed for their copepod fecal pellet content; however, such data do not 

presently exist. We compared our FPC flux estimates to data from Gulf of Maine 

sediment trap samples. The traps were deployed at 150 m in Jordan Basin, Gulf of Maine 

(43° 29.9 N; 067° 50.3 W) from 19 September 1995 to 24 April 1997, and 05 April 2005 

to 14 April 2006 (Fig. 2.2), and were part of the National Atmospheric and Oceanic 
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Administration’s (NOAA) Regional Marine Research Program (RMRP) and the Ecology 

and Oceanography of Harmful Algal Blooms (ECOHAB) Program (methods described in 

Pilskaln et al. 2014). We compared the relative difference between modeled annual FPC 

flux, to the mean calculated POC flux measured by the 150 m time-series traps in 

1995-1997 (n = 39 samples) and 2005-2006 (n = 26 samples). The discrepancy between 

the location of the sediment traps and the CPR transect limits our ability to make a direct 

comparison. However, we expect that any correspondence between the two would occur 

at long time scales; thus we focused on comparing the interannual signals. With this 

comparison we tested whether changes in the modeled FPC values reflect relative 

interannual changes in POC flux documented by sediment traps. 

Results 

Model parameterization – We constructed our model with several sub-models 

based upon allometric scaling and metabolic theory. Each sub-model was a step toward 

calculating the amount of fecal pellet carbon (FPC) that a copepod produces, starting with 

copepod size, and ending with FPC concentration at depth and flux (Fig. 2.1). We 

parameterized the sub-models by fitting curves to published data (See Appendix A), and 

resampled parameter distributions to estimate a distribution of modeled FPC outputs (n = 

1760 ± 20).  

Each copepod species/stage used in this analysis has a unique temperature-

prosome length relationship based upon the experimental literature or our modeling work 

described above (Table 2.1). Fecal pellet production rates were modeled from 
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relationships in the literature (See Appendix A) between fecal pellet production, prosome 

length and temperature (n = 235, r  = 0.37, p < 0.01) (Fig. 2.3).  Estimated fecal pellet 

production rates are lower than published values, but not unreasonable, making the model 

estimates of FPC conservative (Table 2.3; See Appendix A). The literature review of fecal 

pellet volume and their producers’ prosome lengths yields a log-linear relationship (n = 

188, R2 = 0.43, p < 0.01) (Fig. 2.4, Table 2.3) as seen in other studies (Uye & Kaname 

1994; Mauchline 1998). Fecal pellet sinking rate is also a log-linear function of fecal 

pellet volume (Table 2.3, L.R. & H. G. Dam unpubl.). 
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Figure 2.3. Estimated fecal pellet production 
(FPP) versus observed FPP (n = 233, r = 0.37, p 
< 0.01); the FPP model assumes mass-dependent 
scaling of metabolic rates, and an Arrehnius-type 
temperature function.



 

 

Variable n R2 p Parameter Mean Standard 
error

FPP 233 0.14 < 0.01
E 0.28 0.005

γ -0.24 0.005

FPV 188 0.43 < 0.01
η 5.4 0.07

θ 2.58 0.22

SR 806 0.60 < 0.01
τ -0.03 0.06

φ 0.32 0.01
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Figure 2.4. Prosome length (PL) versus 
fecal pellet volume (FPV), on a log-log 
scale; dots represent data points used in 
this paper’s analysis of the PL-FPV 
relationship, with the solid line 
indicating the line of best fit (R2 = 
0.43, p < 0.01). The dashed lines 
represent the same relationship 
determined in previous similar studies: 
small-dashed from Uye and Kaname 
1994, large-dashed from Mauchline 
1998.

Table 2.3. Summary of model parameters and the statistics 
associated with their fit to respective datasets (See Appendix A for 
citations): fecal pellet production (FPP), fecal pellet volume (FPV), 
and fecal pellet sinking rate (SR).



Annual cycle of fecal pellet carbon concentration and flux – The modeled 

mean annual cycle of FPC concentration in the surface layer (FPCsfc) shows two distinct 

peaks: one in the first half of June and a secondary peak in the first half of October (Fig. 

2.5A). The FPC concentration at 139 m (FPCd) shows the same primary peak, but a 

lesser secondary peak (Fig 2.5B). The model outputs are not normally distributed, but 

skewed toward lower FPC values. The parameters can be seen as scaling terms, which 

determine whether the model output is relatively high or low, but for any given model 

output, FPC will be scaled the same way. In other words, the position of the output within 

the model’s distribution is pre-determined, and the FPC estimates for that model run will 

be scaled the same way. In this case, it is possible to have FPC concentrations more than 

three times that predicted by the mean model (Fig. 2.5).  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We hypothesized that higher numbers of larger copepods would result in higher 

FPC export. When we divide FPCsfc and FPCd into the contributions of five copepod size 

bins, the importance of smaller versus larger copepods is apparent, as is the annual cycle 

of copepod size in the Gulf of Maine (Fig. 2.6). For an average copepod community 

during each month, the smaller copepod size classes (< 1500 µm) contribute more FPC to 

FPCsfc (Fig. 2.6A and 2.6B) than to FPCd (Fig. 2.7C and 2.7D); and the percent of FPC 

contributed by the larger copepods is always higher at depth than in the surface layer, for 

each month. The smallest copepods (< 500 µm) make 1.0% to 3.9% of FPCsfc (Fig. 2.6A 

and 2.6B), but none of this FPC reaches depth (Fig. 2.6C and 2.6D). The copepods from 

the largest size bin (≥ 4000 µm) contribute a maximum of 2.4% FPCsfc in July, but up to 

4.3% of FPCd in the same month.  The dominant size bin switches between June and 

August; earlier in the year, the 1500 to 3999 µm group contributes the majority of FPC 

both to the surface layer and depth. In the latter half of the year, FPC from the 1000-1499 

µm group dominates (Fig. 2.6). 

We expect a relationship between model inputs (e.g. concentration and length) 

and the outputs (e.g. FPC), but because the model is non-linear these comparisons can 

elucidate which factors are driving changes in estimated FPC concentration and flux 

throughout the annual cycle. When we directly compare copepod concentration to FPC 

concentrations, we see that the annual cycles of FPCsfc and FPCd  are both tightly coupled 

to copepod concentration in the surface layer (FPCsfc : R2 = 0.96, p < 0.01; FPCd: R2 = 

0.83, p < 0.01). However, at the start of July, there is a change in how copepod 

concentration affects the magnitude of FPC export (Fig. 2.7A); the relationship between 
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the two over the year is non-linear. We found that a change in copepod size composition 

explains this shift. The mean copepod length begins to drop in July, as does FPC flux 

efficiency (ratio of FPCd to FPCsfc); FPC flux efficiency is more closely associated with 

mean copepod prosome length (R2 = 0.72, p < 0.01), than copepod concentration (R2 = 

0.02, p = 0.49) throughout the year (Fig. 2.7B). This annual pattern is also reflected in the 

mid-summer shift from larger to smaller copepod size class contributing most to FPC 

(Fig. 2.6).  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Model sensitivity – The model outputs show a high level of sensitivity to 

remineralization or retention rate (r) of fecal pellets as they sink through the water 

column (Fig. 2.8).  We also tested the model sensitivity to each variable and combination 

of variables by holding the parameters associated with each variable constant, and 

plotting the width of the 95% confidence interval for FPC flux (Fig. 2.9). Holding the 

sinking rate parameters constant had the greatest impact on the model outputs, followed 

by fecal pellet production rate. 

Interannual variability in fecal pellet carbon concentration and flux – FPCsfc, 

FPCd and FPC flux all show significant interannual variability, but no significant trends 

over the study period (Fig. 2.10). FPC flux (Fig. 2.10C) mirrors the patterns in FPCsfc and 

FPCd (Fig. 2.10A and 2.10B, respectively) with a few exceptions, most notably in 1988 

and 1989 when FPCsfc and FPCd are relatively low, but flux is relatively high. During 

these two years, the mean copepod prosome length in the Gulf of Maine was up to two 

times higher than in any other year. All FPC variables are lowest in 1998 as is the 

variability around the mean model; 2011 and 2012 follow as the next lowest years in FPC 

flux (Fig. 2.10). The two years of available sediment trap data from Jordan Basin (19 

September 1995 to 24 April 1997, and 05 April 2005 to 14 April 2006) corroborate the 

relative difference between the modeled FPC variables from those two years. The mean 

150 m POC flux was 6.8 and 4.2 mg m-2 d-1 during the earlier and later periods, 

respectively; all FPC variables reflect this relative difference (Fig. 2.10).  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Discussion 

Many processes mediate the amount of organic carbon that falls to the seafloor, or 

past the 1000 m “sequestration depth” in the ocean, where it is considered decoupled 

from the ocean-atmosphere system (Primeau 2005; Passow & Carlson 2012). The sum of 

processes that augment flux, such as aggregation and ballasting, and those that decrease 

it, such as decomposition and remineralization, result in a variable biological carbon 

pump. Sinking zooplankton fecal pellets represent a highly variable portion of the 

biological carbon pump; the particulate organic carbon found in sediment traps can be 

composed of 0 to 100% zooplankton fecal pellets (reviewed in Turner 2002). We suggest 

that FPC flux variability can be explained in the Gulf of Maine using copepod body size 

as a master trait. 

In our model, the annual cycle of fecal pellet flux efficiency, or the fraction of 

fecal pellet carbon (FPC) produced that reaches a target depth, is tightly coupled with 

mean copepod body size. While metabolic theory indicates that smaller copepods 

produce more fecal pellets per time than larger copepods due to relatively high 

metabolisms (Brown et al. 2004), larger pellets sink disproportionately faster than small 

pellets (Guidi et al. 2008; L.R. Feinberg & H.G. Dam, unpubl.), and pellet size is directly 

related to copepod size. Since pellet size affects not only carbon content per pellet 

(Urban-Rich et al. 1998), but also sinking rate, it reduces the amount of time that a pellet 

is exposed to coprophagy, coprohexy and bacterial degradation (Turner 2002) in the 

water column. Therefore, copepod body size has a compounding effect on FPC flux. 
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The extent to which fecal pellets are broken down as they sink through the water 

column is clearly important, demonstrated by the sensitivity of estimated FPC 

concentration at depth to percent remineralization (Fig. 2.8). This rate of retention is the 

least constrained of our model inputs. Bacterial degradation of pellets is a complex 

function of temperature (Honjo & Roman 1978) and grazer diet (Thor et al. 2003); it can 

vary spatially in the horizontal and vertical directions (Alonso-Sáez et al. 2007; Baltar et 
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al. 2007), as well as temporally (Turley et al. 1995). Further, copepods themselves are 

known to break apart and consume fecal pellets (Iversen & Poulsen 2007). Models of 

biogenic carbon flux such as this would greatly benefit from a more detailed 

understanding of the mechanisms behind POC retention as particles sink through the 

water column.  

The interplay between copepod abundance and size throughout the year affects 

the amount of FPC reaching depth. With size held constant, higher copepod abundance 

implies that more fecal pellets are produced and may sink. However, copepod size varies 

seasonally and is decoupled from abundance. The annual cycle of FPC flux efficiency 

(FPCd:FPCsfc) compared with that of copepod size highlights the importance of size 

with regard to the fraction of FPC in the surface layer that reaches depth (Fig. 2.7B). 

Efficiency is high in the winter because the community is dominated by large species, 

but actual FPC flux is low because copepod abundance is low. Maximum FPC flux and 

efficiency occur in the late spring and early summer because mean copepod size and 

abundance both increase. Gulf of Maine time-series trap data from a number of offshore 

sites and time periods spanning 1995 – 2010 document late spring/summer total mass 

flux and POC flux peaks to which fecal pellets contribute along with algal aggregates 

(Pilskaln et al. 2014; C.H. Pilskaln, unpubl.). In the fall a secondary peak in copepod 

abundance coincides with the lowest FPC flux efficiency values throughout the year 

(Fig. 2.7). This is due to relatively small mean body size, resulting in smaller, slower-

sinking pellets that are degraded faster than large pellets.  We therefore observe a lower 
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modeled efficiency of pellets reaching the target depth, compared to the spring/summer 

period.  

The model results suggesting that small copepods are less important to fecal pellet 

flux than large copepods, even when highly abundant, are consistent with findings from 

the field elsewhere. A northern Norwegian study found that relatively large fecal pellets 

from adult individuals of the copepod Calanus finmarchicus contribute 

disproportionately to flux compared with the much smaller and more abundant Oithona 

similis (Wexels Riser et al. 2010). During the same field campaign, the summer copepod 

community was dominated by small copepod species and stages, resulting in high fecal 

pellet abundance in the water column (Pasternak et al. 2000), but low fecal pellet flux 

(Wexels Riser et al. 2010). The agreement of these results with the modeled results from 

the Gulf of Maine supports the mechanistic framework that our model provides. Patterns 

of copepod fecal pellet flux can be explained using trait-based predictions of individual-

scale biology.  

Calanus finmarchicus is the only large-bodied, highly abundant copepod in the 

Gulf of Maine. The primary peak in FPC flux during late spring/early summer is driven 

by C. finmarchicus abundance. The diversity in the Gulf of Maine copepod community 

can be reduced to body size to explain variability in FPC flux; however, C. finmarchicus 

dynamics are a unique and primary factor in interannual differences in flux, due to the 

species’ relative large size and high abundance. Advection is an important mode of C. 

finmarchicus transport into and around the Gulf of Maine (Lynch et al. 1998; Greene & 

Pershing 2000). Mode shifts in the North Atlantic Oscillation, a decadal-scale climate 
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oscillation, can change Northwest Atlantic and Gulf of Maine circulation, impacting C. 

finmarchicus abundance (Greene & Pershing 2000; Conversi et al. 2001). Temperature 

and chlorophyll concentrations can also affect C. finmarchicus abundance by impacting 

the body size and egg production of females (Melle et al. 2014). C. finmarchicus 

abundance is declining in the North Sea (Beaugrand, 2009), and its range is projected to 

shift north, excluding the Gulf of Maine (Reygondeau & Beaugrand, 2011). Although 

long-term sediment trap data are lacking for direct model validation, there is a correlation 

between the annual growth of a long-lived benthic clam from the Gulf of Maine, and Gulf 

of Maine C. finmarchicus abundance measured by the CPR (Wannamaker et al. 2009).  

The clam can be seen as a living sediment trap, with growth reflecting prey availability 

near the seafloor. This relationship is consistent with variations in C. finmarchicus 

leading to changes in the flux of organic material to the benthos. Based upon our model 

results, a decrease in C. finmarchicus in the Gulf of Maine would likely lead to a decrease 

in carbon export and delivery to the benthos.  

The interannual changes in our modeled FPC concentration at depth (mgC m-3), 

as well as flux (mgC m-2 d-1) are broadly consistent with the interannual variability in 

available sediment trap data (C.H. Pilskaln, unpubl.). This comparison indicates that our 

model may accurately reflect relative changes in FPC flux. The magnitude of FPC flux 

estimated by the model fits well within the range of reported FPC fluxes in the literature 

from different systems, and within the POC estimates from the sediment traps.  
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FPC fluxes measured at similar depths around the world range from less than 1 mgC 

m-2 d-1 (Goldthwait & Steinberg 2008; Gleiber et al. 2012) to 135 mgC m-2 d-1 (Stukel et 

al. 2013).  

Sinking rate was the variable that had the most impact on the model’s mean 95% 

confidence interval width, followed by fecal pellet production rate (Fig. 2.9). 

Experimental work aimed at fine-tuning the parameterization of these variables would 

improve our model. As discussed above, fecal pellet remineralization rate also has a 

significant impact on our model outputs. An improved fecal pellet decay function that 

varies with environmental parameters such as temperature, depth, and time of year would 

improve the model’s estimate of flux. The model depends heavily upon the conversion 

from fecal pellet volume to fecal pellet carbon. This conversion is known to change 

seasonally and with prey type (Urban-Rich et al. 1998). Improvement of the fecal pellet 

volume to carbon conversion would improve this model as well. 

           Our model shows the potential for changes in zooplankton composition and 

concentration to drastically alter the FPC flux.  This variability underscores the 

complexity of ground-truthing models of FPC flux. The ocean is a patchy environment 

and zooplankton patches persist over varying spatial and temporal scales (Folt & Burns 

1999). Zooplankton fecal pellet flux events are therefore episodic and hard to document. 

Our novel approach to modeling fecal pellet flux, using Gulf of Maine CPR zooplankton 

abundances, aims to reflect the patchy nature of zooplankton and discontinuous nature of 

fecal pellet flux over time and space. Further, by incorporating the effects of size on 

metabolism into the model, we more finely resolve how a changing zooplankton 
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community could impact FPC flux to depth. Our model results suggest that by 

incorporating just community size composition, estimates of zooplankton-mediated 

carbon flux may be improved. 

The importance of copepod body size in determining FPC flux is clear, but the 

physical and chemical conditions that support larger- or smaller-bodied copepod 

communities ultimately drive interannual variability in flux. Our results show decadal 

changes in FPC flux. These changes are consistent with the previously documented 

ecosystem shift in the 1990’s, when smaller copepods became more dominant and 

Calanus finmarchicus declined (Pershing et al. 2005). The decrease in modeled FPC flux 

and export efficiency during the late 1990’s is also reflected in sediment trap data. These 

data document a decrease in mean annual POC export to sub-euphotic depths in the Gulf 

between the 1990’s and 2000’s. Additionally, mean annual FPC flux in 1998, 2011 and 

2012 stand out as the lowest in the modeled dataset. 1998 is associated with a “great 

salinity anomaly” (MERCINA 2012), a major oceanographic perturbation in the Gulf of 

Maine. The years 2011 and 2012, the final two years in our dataset, are part of a steep 

warming trend in the Gulf of Maine, which started in 2005. Gulf of Maine temperatures 

in 2012 reached record highs (Mills et al. 2013). As the North Atlantic Ocean is changing, 

the mean size of its copepods is decreasing (Beaugrand 2010). Understanding the specific 

mechanisms by which physical and chemical conditions shape copepod community size 

structure and ecosystem state will improve understanding of variability in the copepod 

community, in fecal pellet carbon flux, and ultimately in the biological carbon pump.  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CHAPTER 3 

DRIVERS OF CHANGE IN MODELED COPEPOD FECAL PELLET CARBON 

FLUX ACROSS THE NORTHERN NORTH ATLANTIC OCEAN,  

1958 TO 2013 

Introduction 

 The ocean is currently a sink for atmospheric carbon dioxide (CO2), including 

anthropogenic sources of CO2, which are contributing to a rapidly changing global 

climate (Sabine et al. 2004). Marine organisms mediate the transport of carbon between 

the atmosphere and ocean, altering its phase and oxidation state in a set of processes 

delineated as the biological carbon pump (Sigman & Boyle 2000, Ducklow et al. 2001). 

When particulate organic carbon (POC) is exported below a “sequestration depth,” it is 

effectively separated from the atmosphere for up to several millennia (Sigman & Boyle 

2000, de la Rocha & Passow 2007). POC exported from the euphotic zone includes 

aggregates of biogenic material, such as phytodetritus. It also includes fecal pellets 

produced by zooplankton, both near the sea surface (Turner 2015) and at mesopelagic 

depths to which they vertically migrate (Al-Mutairi & Landry 2001, Schnetzer & 

Steinberg 2002). Copepods in diapause themselves represent particulate organic carbon 

which can be eaten by mesopelagic fauna and entrained in the mesopelagic food web 

(Jonasdottir et al. 2015). Zooplankton fecal pellet carbon flux is highly variable and can 

constitute from none to all of the vertical POC flux caught in sediment traps (Turner 

2015).  
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 As oceanographic conditions change with global climate, so do plankton 

communities. Warming ocean temperatures affect plankton communities in several ways, 

including spatial distribution (Richardson & Schoeman 2004), phenology (Poloczanska et 

al. 2013) and size structure (Daufresne et al. 2009, Morán et al. 2010). Plankton 

community size composition can impact the efficiency of the biological carbon pump, 

since smaller particles are more likely to be remineralized before sinking below a 

sequestration depth. Warmer conditions lead to smaller-bodied plankton communities 

(Daufresne et al. 2009), and higher remineralization (Wohlers et al. 2009). Therefore, 

warming caused by anthropogenic CO2 emissions is expected to lead to lower POC 

export. 

 Copepods are one of the most numerous metazoans in the ocean, making them an 

important component of marine ecosystems. Copepods and other mesozooplankton 

contribute to the biological carbon pump by aggregating small prey into larger fecal 

pellets, increasing particle size and carbon export potential. Larger copepods produce 

larger fecal pellets, making them disproportionately important to fecal pellet carbon flux 

(Beaugrand et al. 2010, Stamieszkin et al. 2015). In this study, we test the hypothesis that 

copepod communities in the northern North Atlantic Ocean are shifting toward smaller-

sized community composition, resulting in decreasing fecal pellet carbon flux. We apply 

an individual-scale fecal pellet production model to 55 years of surface copepod 

abundance and composition data from the North Atlantic Continuous Plankton Recorder 

program (Richardson 2006). We compare the relative impact of temperature-dependent 
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metabolic rates and growth on fecal pellet carbon flux, compared with the impact of 

changing plankton community composition. 

Methods 

 We examined the effects of copepod community composition on fecal pellet 

carbon flux from the ocean surface. Building from our previous model that computed 

fecal pellet carbon flux based upon copepod size, metabolism, and temperature 

(Stamieszkin et al. 2015), we incorporated diel vertical migration and a temperature-fecal 

pellet decay function. We applied this size-based model to copepod abundance and 

species composition data from the North Atlantic Continuous Plankton Recorder 

program, to estimate changes in fecal pellet carbon flux from January 1958 through 

December 2013 across the North Atlantic Ocean.  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 Data inputs - Two types of data served as model inputs: copepod concentration 

and water temperature. Copepod concentration data were provided by the Sir Alister 

Hardy Foundation for Ocean Science (SAHFOS) Continuous Plankton Recorder (CPR) 

program (doi: 10.7487/2014.272.1.41). CPRs are instruments attached to ships of 

opportunity, which sample with 270 µm mesh at approximately 7 m depth as they are 

towed (Richardson et al. 2006). These data were collected from January 1958 through 

December 2013 in the northern half of the North Atlantic Ocean and the North Sea; this 

large area has been divided into 41 standard CPR areas, which generally reflect 

oceanographic regions and provide a consistent way to break up the large dataset  

(Richardson 2006, Fig. 3.1). CPRs under-sample smaller organisms due to the mesh size 
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Figure 3.1. Map of the northern North Atlantic Ocean with standard Continuous 
Plankton Recorder areas numbered; color represents mean sea surface temperature from 
the model GECCO2 (°C).
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used, excluding fecal pellets produced by copepod species smaller than 270 µm from the 

model results. However, when compared to data collected with bongo nets, trends in 

interannual and seasonal abundance and composition are statistically similar for total 

zooplankton, and for the most abundant copepod species (Kane 2009).  CPRs also only 

sample a narrow subsurface layer of the water column. Therefore, the results of this 

model application represent fecal pellet carbon flux from a surface layer only. Despite 

these limitations, the North Atlantic CPR data have been used extensively to study large-

scale changes in plankton community structure over long time periods (Beaugrand et al. 

2002, Villarino et al. 2015) due to the dataset’s spatial and temporal breadth.  

 The CPR copepod concentrations were previously enumerated and identified to 

species or genus level, and in some cases grouped also by copepodid stage. We focused 

our study on copepods because they are one of the most abundant and ubiquitous 

metazoans in the ocean, and because the extensive literature on copepod biology and 

physiology allowed us to parameterize our model. We included the 25 taxonomic/stage 

groups that comprised 99% of the copepods in the dataset (Table 3.1). The CPR copepod 

data were not consistently separated by copepodid stage, but because our model was size-

based, we divided the concentrations of each taxon among the number of stages that it 

represented (Stamieszkin et al. 2015). For example, Calanus finmarchicus copepodid 

stages 5 and 6 (adult) are grouped together in the database.  For our calculations, we 

divided the recorded concentration between the two stages. These divisions resulted in 66 

unique taxon/stage groupings (Table 3.1).  
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Table 3.1. Summary of copepod taxa that make up 99% of the dataset and were used in 
the model; “traverse” indicates a different method of organism enumeration 

Taxon Copepodite stages

Acartia spp. CII to CVI

Calanus spp. CI to CIV

Calanus finmarchicus CV to CVI

Calanus helgolandicus CV to CVI

Calanus hyperboreus CV to CVI

Centropages hamatus CIV to CVI

Centropages spp. CIV to CVI

Centropages typicus CIV to CVI

Clausocalanus spp. CVI

Corycaeus spp. CIV to CVI

Mecynocera clausi CV to CVI

Metridia spp. CI to CIV

Metridia spp. (traverse) CI to CVI

Metridia lucens CV to CVI

Oithona spp. CIV to CVI

Oncaea spp. CIV to CVI

Paracalanus/Pseudocalanus spp. CI to CV

Pseudocalanus spp. CVI

Paracalanus spp. CIII to CVI

Paraeuchaeta norvegica CIII to CVI

Pleuromamma spp. (traverse) CV to CVI

Pleuromamma borealis CVI

Scolecithricella spp. CVI

Temora longicornis CIV to CVI
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 The temperature data were generated by GECCO2, a reanalysis model based on 

the Massachusetts Institute of Technology general circulation model (MITgcm). The 

model estimates monthly average temperature on a 1° by 1° horizontal grid, as well as by 

depth, with higher depth resolution closer to the surface (Köhl & Stammer 2008). We 

computed monthly temperature profiles averaged over each CPR region.  These were 

used by the copepod model to compute temperature at a given depth, which influences 

the body size of copepods, their metabolic rates, and the rate at which fecal pellets are 

remineralized. 

 Model Design - We designed a size-based model to estimate mean fecal pellet 

carbon flux through different depth horizons, per day. It was modified from the fecal 

pellet flux model introduced in Chapter One (Stamieszkin et al. 2015); a detailed 

description of the methods used to build the model is described therein. The framework 

of the model was based on estimating the distribution of surface-dwelling (0 to 25 m 

deep) copepods over a 24-hour period for each day of the year, applying metabolic rates 

to estimate fecal pellet carbon production in the water column, and then calculating the 

flux of carbon as the pellets sink and decay (Fig. 3.2).  

 Copepod size is a central variable in many parts of the model. Fecal pellet 

production rate for each copepod was estimated using metabolic size and temperature 

dependence relationships (Brown et al. 2004, Stamieszkin et al. 2015); and fecal pellet 

volume was estimated with a log-linear prosome length-fecal pellet volume relationship 

(reviewed in Mauchline 1998, Stamieszkin et al. 2015). Copepod prosome length (a 

common measure of size) was estimated from temperature because it is linearly related to 
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the temperature at which the copepods grow, within the temperature range experienced 

by these species (reviewed in Mauchline 1998). Taxon/stage groups whose temperature-

length relationships had not been established previously were estimated either by back-

calculating from older stages, estimating based on known length and temperature 

observations, or using the relationship for a similar species (Stamieszkin et al. 2015).  

  

 The CPR program collects surface plankton samples along transects in a given 

standard area approximately once per month. Therefore, in order to estimate total fecal 

pellet carbon flux, we created climatologies of the CPR data, and did an analysis of diel 

vertical migration (DVM) behavior. By combining this information, we estimated vertical 

profiles of each copepod stage and taxon for each day of the year, in a given area and 5-

year period. The region sampled by the CPR was divided into 41 standard CPR areas 

(Fig. 3.1, Richardson et al. 2006). We calculated 5-year mean annual climatologies of 
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copepod concentration in each area. The climatologies were periodic splines fit to the 

available CPR samples within each region and period (see Pershing et al. 2005 for 

methods). This procedure allows us to estimate the abundance of each taxon on any day 

of the year. Similar to the copepod concentrations, temperature climatologies were 

calculated for discrete depths by first averaging monthly temperatures from model grid 

points within each CPR area and 5-year period, and then fitting a spline function to these 

data. 

 Organisms that vertically migrate contribute to the biological carbon pump. As 

these animals migrate to deeper, darker waters during the day, they egest and respire 

carbon on their way down and at depth; this results in active transport of particulate and 

dissolved carbon (Steinberg et al. 2000, Al-Mutairi & Landry 2001). Since the CPR 

samples are collected near the sea surface, they naturally exclude copepods that migrate 

to deeper waters both seasonally and daily. In the case of seasonal migration performed 

by some copepod species during which the copepods remain at depth for months in 

diapause, metabolism is depressed to near-basal rates (Maps et al. 2014). Therefore, 

while not included in our analysis, these hibernating copepods are not producing 

significant amounts of fecal material while at depth. In the case of DVM, samples taken 

during daylight hours represent the copepods that have remained at the surface, rather 

than migrating down. We determined whether a taxon performed DVM by comparing 

abundance during the day and night. Independent of the climatologies described above, 

we aggregated the CPR copepod concentration data for a given CPR region, five year 

period, and season. These concentrations were binned by the hour of day (1 to 24) in 
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which they were sampled, and averaged together to give a mean concentration of each 

taxon over a representative day. If there were less than 16 out of 24 hours that contained 

abundance data, then DVM behavior for that taxon was marked as indeterminate in the 

region and time period. When there were enough hours represented in the data, we fit a 

sine curve to the daily abundance cycle using a parameter optimization function 

(fminsearchbnd, J. D’Errico 2006, Matlab v. R2014b). We established two sets of criteria 

to objectively determine whether a taxon performed DVM: 1) The sine function model 

had to fit the observed mean daily concentration profile better than a mean concentration 

model over the day, as decided with an Akaike’s Information Criterion; and 2) the mean 

daytime concentration had to be at least 25% less than the mean nighttime concentration. 

If these two criteria were met, the taxon was marked as a “migrator” in that season, 

location and 5-year period; otherwise it was marked as a “non-migrator.” 
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 We had to make assumptions about the timing of vertical migration in relation to 

local sunrise and sunset. We assumed that the copepods began their descent in the hour of 

sunrise and took two hours to reach their migration depths, which we estimated with 

prosome length (Ohman & Romagnan 2015). At sunset, we assumed that the copepods 

arrived at the surface, and started migrating three hours before. We approximated the 

effect of sinking down versus swimming up by having it take longer to reach the surface 

(3 h) than depth (2 h). When the average depth of a region was shallower than the 

estimated migration depth of the copepods, they were allowed to migrate to the bottom. 

We also assumed that 80% of copepods within each day that were thought to migrate 

actually did, giving conservative estimates of vertical migration. Using the copepod 

concentration climatologies estimated from the CPR data, and the estimated vertical 

migration behavior and depth, we calculated vertical profiles of copepod concentration 

for each day of the year in a given area and five-year period (Fig. 3.3). By applying the 

fecal pellet production model to these copepod concentrations, we calculated daily 

profiles of fecal pellet volume produced at different depths in the water column, for each 

CPR standard area and 5-year period of the CPR dataset. We assumed that copepods did 

not feed once they left the surface and that egestion stopped after two hours.  

 Large fecal pellets sink faster than smaller pellets, and as pellets sink they lose 

mass through decomposition and remineralization.  We explicitly modeled both sinking 

and remineralization of fecal pellets.  The water column from the surface to 1000 m (or 

the bottom if shallower) was divided into depth bins that matched the temperature model 

output. The concentration of pellets of given volume was tracked by dividing pellet 
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volume into 121 evenly spaced bins between 0 and 6 x107 µm3.  The fecal pellet 

production rates of copepods in the water column represented a source term for the 

remineralization and sinking module, and fecal pellets were added to the appropriate 

depth and volume bin during each time step. At each time step, we then calculated the 

volume-specific remineralization rate in each depth and volume bin. These rates were 

then used to update the fecal pellet volume concentration in each bin using a first order 

upwind scheme. We next applied the sinking rate, moving a fraction of the pellets in each 

bin into the next deeper bin, again, using a first-order upwind scheme. The flux across the 

bottom of the 30 m and 1000 m depth bins were totaled over each day. 

 A general relationship for estimating remineralization rates of fecal pellets has not 

been established; we therefore aggregated available information to approximate fecal 

pellet remineralization in the model. Carbon-specific degradation rates for diatom 

aggregates have been measured at 12 ± 3% at 15 °C, and dropped 3.5 times at 4 °C 

(Iversen &  Ploug 2013), and shallower remineralization has been shown to occur at 

warmer temperatures in the field (Marsay et al. 2015). Also, a study conducted at one site 

in the Sargasso Sea indicates a 75% reduction in the remineralization of organic material 

between 150 and 500 m (McDonnell et al. 2015). We designed a volume-specific 

remineralization rate (rremin) based on a linear relationship with temperature: 

rremin =  0.005 T + 0.011     (3.1) 

where T is water temperature in degrees Celsius. Due to the typical temperature profile in 

the ocean, where temperature decreases exponentially with depth. This relationship 
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provided remineralization rates that were consistent with particulate organic carbon 

profiles and an exponential decrease in remineralization activity with depth (Fig. 3.4), 

similar to remineralization rates derived from particulate organic carbon profiles (Martin 

et al. 1987, Boyd & Trull 2007). 

 In summary, we calculated annual climatologies (365 d) of fecal pellet carbon 

flux through 30 and 1000 m, for 5-year periods (1958-2013). This was done for each 

standard CPR area to account for spatial variability. Flux through 30 m was calculated to 

estimate fecal pellet carbon export from the copepods sampled by the CPR. As the fecal 

pellets sank, a temperature-dependent remineralization rate was applied. Flux through 

1000 m represented fecal pellet carbon that reached a sequestration depth, and that could 

be considered sequestered from the atmosphere-ocean interface.  

!50

0.03 0.04 0.05 0.070.06

0

45

95

155

300

635

1007

winter
spring
summer
fall

de
pt

h 
be

lo
w

 su
rf

ac
e 

(m
)

carbon-specific remineralization rate (time -1)

Figure 3.4. Examples of remineralization 
profiles from Area 18 in winter, spring, summer 
and fall.



 Analysis - We calculated mean annual fecal pellet carbon flux (mgC m-2 d-1) by 

summing estimated flux (mgC m-2 d-1) for each day of an annual climatology, in each 

standard area. We also calculated fecal pellet carbon flux efficiency, defined as the flux 

through the 1000 m depth horizon divided by the flux through the 30 m horizon. Flux 

efficiency was estimated to reflect how much of the fecal pellet carbon sinking from the 

surface (upper 30 m) reached a sequestration depth (1000 m). For each CPR region, we 

calculated the temporal trend in 30 m and 1000 m flux and flux efficiency by regressing 

the time series of each variable against 5-year period. A trend was only calculated if there 

were more than six 5-year periods sampled sufficiently in an area. 

 Identifying which input variables drive change in fecal pellet carbon flux over 

time was a goal of this work. The input variables of copepod size, concentration, and 

temperature influence flux in non-linear ways through copepod biomass (a combination 

of size and abundance), copepod metabolic processes, and fecal pellet size and 

remineralization rates.  We compared the time series of fecal pellet carbon flux and flux 

efficiency to these different variables to discern which were most important. We also 

examined in more depth the drivers of change in two standard CPR areas where flux was 

increasing (Area 9) and decreasing (Area 36) over the time series. Simple linear 

regression of different variables and individual copepod taxa versus fecal pellet carbon 

flux were used to determine some drivers of change. 

 Model Sensitivity - We conducted three sensitivity experiments to understand 

which processes had the most impact on modeled fecal pellet carbon flux. We compared a 

“standard” model run (run0), in which copepods migrated, and temperature and copepod 
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composition varied from period to period, to a run in which each of those elements was 

held constant, one at a time (runexp). The ratio run0 to runexp showed how much the 

variable being held constant affected modeled fecal pellet flux. 

 The first experiment looked at the impact of changes in temperature on the fecal 

pellet flux  patterns observed. Temperature determines the size and fecal pellet production 

of individual copepods. It also impacts remineralization rates of organic material. For this 

experiment, the output from the full model was compared to a run during which the 

annual temperature cycle was held constant throughout the time series. This tested the 

direct effect of temperature on fecal pellet carbon flux.  

 Temperature directly impacts fecal pellet flux through its effects on copepod size 

and remineralization. Temperature also influences the structure of the copepod 

community (Beaugrand et al. 2009). For the second experiment, we compared the full 

model with a run in which the copepod communities in each area were held constant over 

the time series. This allowed us to assess the impact of changes in community 

composition compared with the direct impact of temperature.  

 The third experiment was aimed at quantifying the impact that diel vertical 

migration behavior had on fecal pellet carbon flux. Vertical migration can increase carbon 

flux because copepods are actively transporting and releasing carbon deeper in the water 

column (Steinberg et al. 2000, Al-Mutairi & Landry 2001). We compared a run in which 

the copepods migrated to a run in which they remained that the sea surface and continued 

to feed through the day. 
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Results 

 Averaged over the study period, flux through the surface waters (30 m, Fig. 3.5A, 

Fig. 3.6A) and past 1000 m (Fig. 3.5B, Fig. 3.6B) is higher closer to the North American 

and European continents. Maximum flux through 30 m occurs in the southeast quadrant 

of the North Sea (Area 19, 49.0 mgC m-2 y-1) and minimum flux through 30 m occurs at 

the center of the study region’s southern boundary, just north of the North Atlantic 

oligotrophic subtropical gyre (Area 39, 7.2 mgC m-2 y-1). Mean fecal pellet carbon flux 

through the 1000 m depth horizon is highest in the southwest corner of the domain (Area 

35, 25.1 mgC m-2 y-1). It is lowest at the southeastern edge of the study region, offshore 

of the Iberian Peninsula (Area 37, minimum = 2.9 mgC m-2 y-1).  
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 Fecal pellet carbon flux changes through time, but the change is not consistent 

over the region (Fig. 3.6, Fig. 3.7). In most regions flux through the 30 m horizon is 

decreasing over the study period and 25% of the areas have significant downward trends 

(p < 0.05). The steepest decline in flux through 30 m is occurring off the coast of the 

Iberian Peninsula (Area 36, slope = -4.8 mgC m-2 y-2, p << 0.01, R2 = 0.85). Other areas 

where this shallow flux is significantly decreasing include the North Sea, and waters 

along the eastern side of the study region (mean slope = -2.7 mgC m-2 y-2, p < 0.05, mean 
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R2 = 0.64, Fig. 3.7A). The only area with a significant upward trend in fecal pellet carbon 

flux through 30 m is off the southeastern coast of Greenland (Area 9, slope = 0.86 mgC 

m-2 y-2, p << 0.01, R2 = 0.88, Fig. 3.7A). Fecal pellet carbon flux is also increasing 

notably in the Labrador Sea (Area 18, Fig. 3.7A); however the trend is not significant.  

 The trends of fecal pellet carbon flux through 1000 m mirror those of flux through 

30 m; however, change over the time series is less dramatic at depth than near the 

surface, and fewer areas show significant trends (Fig. 3.7B). Flux through 1000 m off the 

coast of the Iberian Peninsula is decreasing most (Area 36, slope = -1.7 mgC m-2 y-2, p << 

0.01, R2 = 0.84), and flux to 1000 m is increasing only in the waters east of Greenland 

(Area 9, slope = 0.59 mgC m-2 y-2, p << 0.01, R2 = 0.89).  

!55

30° W60° W 0° 30° E90° W

45° N

60° N

75° N

30° N

A

mgC m-2 y-1
0-4 -2 2 4

30° W60° W 0° 30° E90° W

45° N

60° N

75° N

30° N

B

mgC m-2 y-1
0-1.0 1.0-1.75 1.75

Figure 3.7. Change in mean copepod 
fecal pellet carbon flux (mg C m-2 y-1) 
from 1958 to 2013, across the northern 
North Atlantic Ocean through A) 30 m 
and B) 1000 m; areas which are blacked 
out indicate insufficient data (< five 5-
year periods available) or mean depth is 
less than 1000 meters (6B only). Stars 
indicate significant trends (p < 0.05).



 Fecal pellet carbon flux efficiency, or the percent of fecal pellet carbon which 

sinks from the upper water column (30 m) down to a sequestration depth (1000 m), is on 

average higher in the northwestern North Atlantic (Fig. 3.8A). Maximum mean flux 

efficiency over the entire time series is 75%, which occurs in the Norwegian Sea (Area 

1); adjacent to this area, also in the Norwegian Sea, flux efficiency is significantly 

decreasing (Fig. 3.8B). Regions in the Labrador Sea also have high flux efficiency, but 

are not changing significantly over the time series. Flux efficiency is generally lower in 

the southeastern portion of the study region; minimum flux efficiency is 37%, and is 

observed off the Iberian Peninsula (Area 36). Flux efficiency is decreasing significantly 

in the northeastern and southeastern-most areas (Fig. 3.8B), with a maximum downward 

trend in and around the Gulf of Maine (Area 35, slope = -0.54 % yr -1, p < 0.01, R2 = 
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0.85). Flux efficiency is generally increasing significantly in the southeast portion of the 

study region, with a maximum increasing trend north of the North Atlantic subtropical 

oligotrophic gyre (Area 31, slope = 0.35 % yr -1, p = 0.04, R2 = 0.55). Overall flux 

efficiency is not changing much over the study period. 

 The study area contains many oceanographically diverse subregions. To 

understand the mechanisms driving changes in fecal pellet carbon flux, we focused on 

two areas experiencing the most change: Area 36 off the west coast of the Iberian 

Peninsula (negative trend), and Area 9 off the southeastern coast of Greenland (positive 

trend). Most of the standard CPR areas with significant trends in modeled copepod fecal 

pellet carbon flux show an average decrease over the 55-year time series (Fig. 3.7). Flux 

reaching 1000 m is decreasing the most off the Iberian Peninsula (Area 36, Fig. 3.7B); 

and while flux efficiency between 30 and 1000 m is low (Fig. 3.8A), it is significantly 

increasing there (Fig. 3.8B).  

 The biomass of most taxa is decreasing in this region (Area 36), and is correlated 

with decreasing fecal pellet carbon flux. Most notably these taxa include Acartia spp. (R2 

= 0.78, p << 0.01) and Pseudocalanus/Paracalanus spp. (R2 = 0.82 to 0.85, p << 0.01). 

The decrease in the most abundant taxa (and thus biomass) is compensated for, to a 

limited degree, by an increase in some medium and large taxa such as Centropages and 

Metridia spp. On average, copepod concentrations in this region are decreasing over 

time, but mean copepod size is increasing (Fig. 3.9).  This means that flux is decreasing 

but that the copepod community is becoming more efficient at exporting carbon to the 

deep sea. 
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 Fecal pellet carbon flux is significantly increasing in one standard area: the waters 

off the eastern coast of Greenland (Area 9, Fig. 3.7). The increase in carbon flux is driven 

by an increase in copepod biomass (R2 = 0.60 p < 0.01), in particular, Calanus spp. 

copepodids (R2 = 0.72 to 0.74, p << 0.01), Calanus finmarchicus copepodid stages five 

and adults (R2 = 0.33, p = 0.05), and Pseudocalanus and Paracalanus spp. copepodid 

stages one to adult (R2 = 0.32 to 0.73 p = 0.05 to << 0.01) are significantly correlated to 

the increase in fecal pellet carbon flux over the time series. Flux efficiency in this region 

is not significantly changing. 

 Modeled fecal pellet carbon flux through 30 m is closely tied to surface copepod 

concentration (R2 = 0.94, p << 0.01).  Flux through 1000 m is also related to copepod 

concentration (R2 = 0.88 p << 0.01), but not as closely because there are other factors 

affecting how much of the fecal pellet carbon produced near the sea surface reaches depth 

(Fig. 3.10). When we consider flux efficiency (the ratio of flux at 1000 m to flux at 30 
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m), we find a linear relationship with mean copepod length (Fig. 3.11A) and an 

asymptotic relationship with mean copepod biomass (Fig. 3.11B) for a given area and 5-

year period. When copepod concentration and length are compared, we find that at low 

concentrations in an area and time period, it is possible to find copepods of any size 

within the range of this dataset. At the highest concentrations, however, mean copepod 

size is usually small (Fig. 3.12). We compare mean temperature for a region and 5-year 

period to mean copepod length (Fig. 3.13A) and mean copepod biomass (Fig. 3.13B) and 

find that both decrease with increasing temperature.  
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 Sensitivity analysis reveals the relative impact of different variables on the model 

output. The direct impacts of temperature on copepod metabolism and size are relatively 

small (Fig. 3.14). When the annual temperature cycle is held constant over the time series 

(runexp), and compared to a model run in which the temperature cycle varies among 5-

year periods (run0), there is no significant difference (Fig. 3.14A). The median ratio of 

runexp to run0 is 1.0 ±  0.01 (n = 14965). On average over the study region, fecal pellet 

carbon flux is greater with temperatures held constant (runexp > run0) by the most during 
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the period 1970-75 (Fig. 3.14A). Holding the annual temperature cycle constant did not 

affect the different standard CPR areas differently from one another (Fig. 3.14B). 

 The impact of changing copepod community composition over the time series is 

also explored by holding the annual cycle of each copepod taxon constant through time. 

The ratio of fecal pellet carbon flux calculated while holding the taxonomic cycles 

constant (runexp) to that calculated with varying community composition (run0) does not 

vary greatly until the 1995-2000 time period (Fig. 3.15). Median ratio of runexp to run0 
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over the time series is 1.02 ± 0.50. After 1995, mean fecal pellet carbon flux is greater 

when the copepod community does not vary over the time series (runexp, Fig. 3.15A). For 

this period median ratio of  runexp to run0 is 1.1 ± 0.62. This pattern holds for most of the 

standard CPR areas, with exception of the more northern areas (Areas 1-9, Fig. 3.15B). 

 Diel vertical migration behavior impacts copepod fecal pellet carbon flux 

differently depending upon whether copepods that remain at the sea surface continue to 

feed throughout the day when migrators are at depth. Allowing non-migrating copepods 

to feed all day has a significant and consistent impact on modeled fecal pellet carbon 

flux. When we do not allow the copepods to migrate (runexp), fecal pellet carbon flux is 

consistently higher than when we do (run0, Fig. 3.16A). The median ratio of runexp to run0 

is 1.0 ±  0.16 (n = 14965). Averaged over all the areas, fecal pellet carbon flux does not 

vary significantly among 5-year periods in the time series (Fig. 3.16A). There are spatial 

differences, however. Fecal pellet carbon flux from a large block (Areas 17, 18, 25, 26) in 

the northwestern part of the study area is disproportionately higher when the copepods do 

not vertically migrate (Fig. 3.16B).  
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Discussion 

 The goal of this model is to examine the effect of changing copepod community 

structure on copepod fecal pellet carbon flux and flux efficiency, using size-related 

growth, metabolic processes, sinking rates, and vertical migration behavior. The point 

sampling scheme of the CPR dataset makes estimating a continuous process, such as 

fecal pellet flux, challenging. However, datasets with the large spatial and temporal 

extent of the North Atlantic CPR program are rare. Using climatologies of copepod 

abundance allows us to transform the CPR data into a continuous abundance function, 

and to estimate flux for every day of the time series; this also means that the flux 

estimates from this model are background estimates, and are not likely to reflect 

ephemeral bloom events. At the Bermuda Atlantic Time Series (BATS) site, fecal pellet 

carbon flux estimated with sediment traps at 1500 m depth, between December 2006 and 

November 2007, averaged 0.07 to 0.27 mgC m-2 d-1 (Shatova et al. 2012), compared with 

our mean estimated flux in CPR region 40 (closest to BATS) of 0.02 to 0.07 mgC m-2 d-1 

through 1000 m. The flux estimates from Shatova et al. (2012) include periods of 

increased productivity driven by the passage of eddies through the region. Fecal pellet 

carbon flux climatologies produced by our model do reflect similar patterns in seasonal 

flux variability to those presented in Shatova et al. (2012). However, the discrepancy in 

magnitude of flux indicates that our flux estimates capture long-term variability in 

background flux, more than short-lived bursts of flux from daily to weekly events. A 

coastal study off the Iberian Peninsula (within CPR area 36) measured on-shelf and off-

shelf fecal pellet carbon flux using floating sediment traps (Wexels Riser et al. 2001). 
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They found that copepod fecal pellet carbon flux from 50 to 200 m off-shelf was usually 

< 3 mgC m-2 d-1, above 50 m on-shelf it averaged 61.9 m-2 d-1, and above 50 m off-shelf it 

averaged 5.5 m-2 d-1. Our model estimates that fecal pellet carbon flux through 30 m in 

this region are considerably lower, averaging 0.02 to 0.18 m-2 d-1, and through 150 m are 

0.02 m-2 d-1 to 0.15 m-2 d-1 over the time series. One cause for this discrepancy is that 

CPR region 36 includes mostly offshore waters sampled by the CPR, rather than the 

highly productive and nearshore waters sampled by Wexels Riser et al. (2001). Overall, 

compared with measured fecal pellet carbon flux, our model estimates are conservative 

but comparable in offshore regions for which data are available (i.e. Shatova et al. 2012), 

and underestimate flux through the surface waters in coastal regions. These discrepancies 

also highlight the importance of timescale. Our flux estimates are based upon averages 

over long temporal and large spatial scales. Sediment trap data, on the other hand, are 

short-term measurements of a relatively small area, especially from floating sediment 

traps.  

 In this fecal pellet carbon flux model, we assume that prey availability near the 

sea surface is uniform because we do not have access to detailed prey field information 

over the study region and period at this time. However, copepod fecal pellet production 

and fecal pellet volume increases asymptotically with prey availability (reviewed in 

Machine 1998, Besiktepe & Dam 2002). Fecal pellet carbon concentration per pellet 

volume is also impacted by prey. Krill fecal pellets contain relatively less carbon when 

the krill are feeding at high prey concentrations due to differences in absorption time in 

the gut (Atkinson et al. 2012). Prey type plays a role in pellet carbon content as well 
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(Urban-Rich et al. 2001, Atkinson et al. 2012).  This model will be improved by 

including cycles of prey concentration and composition, and copepod responses to these 

cycles.  

 In evaluating the impact of different model variables, we find that allowing 

vertical migration has a surprising effect. We expected vertical migration to increase fecal 

pellet carbon flux because the copepods are producing fecal pellets deeper in the water 

column, exposing the pellets to less remineralization before sinking to 1000 m (Hansen & 

Visser 2016). However, modeled fecal pellet carbon flux increases when the copepods do 

not migrate to depth during the day (Fig. 3.16). Flux is increased under this scenario 

because the copepods in our model are assumed to feed when they are at the surface. 

When they migrate, they stop feeding and stop producing fecal pellets once their guts are 

emptied (2 h after descent from surface). Thus, in our model, the slight increase in flux 

due to copepods moving downward is not enough to outweigh the potential flux from 

continuous feeding at the surface. This result poses the question of whether feeding 

continues at depth. Previous work generally indicates that copepod guts are less full 

during the day, when they are deeper in the water column (Atkinson et al. 1996, Dagg et 

al. 1998). This work, however, relies on the detection of Chlorophyll a in copepod guts. If 

copepods are feeding on non-photosynthetic prey at depth, it could go unnoticed. It has 

also been suggested that patterns in diel prey selectivity may be related to prey mobility 

and/or predator avoidance (Wu et al. 2010). There is also indication from laboratory and 

field experiments that migrating copepods increase their feeding rates and digestion 

following periods of starvation (Runge 1980, Hassett & Landry 1988). Fecal pellet 

!68



production rates in our model do not account for rapid feeding after starvation at depth in 

the diel cycle, making our estimates of fecal pellet flux potentially too low. The results of 

this sensitivity analysis highlight the difference between surface production export versus 

water column production export, as well as raises questions about diel feeding patterns in 

copepods and how they might affect the active vertical transport of POC.  

 The northern half of the North Atlantic Ocean, our study region, encompasses a 

range of oceanographic conditions supporting different copepod species assemblages. 

Over the CPR time series (1958-2013), physical conditions have changed due to natural 

climate oscillations and more recently, acute warming (Reygondeau et al. 2015). Our 

study indicates that changes in copepod community composition have the greatest impact 

on flux, when compared with changes in temperature. In our analysis, holding the annual 

cycle of copepod abundances constant increases flux, as well as variability, in the later 

half of the time series (Fig. 3.15A). This indicates that the copepod community in the 

North Atlantic is shifting towards one that produces less flux than the mean reference 

community; this shift occurs after 1985. A dramatic northward shift in the distribution of 

copepod communities is observed in other studies of the CPR time series after 1985 

(Harris et al. 2015). As warmer water communities move north (Beaugrand et al. 2009), 

our model indicates that copepod biomass, flux (Fig. 3.13B), and flux efficiency (Fig. 

3.11B) will decrease. At a time series station (L4) in the English Channel, similar 

decreases in copepod biomass to those we found in the CPR data have been observed, 

with change being driven by natural decade and multidecadal climate oscillations (e.g. 
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the North Atlantic Oscillation, NAO, and the Atlantic Multidecadal Oscillation, AMO), 

overlain in more recent years by acute and rapid warming (Reygondeau et al. 2015).   

 The areas where fecal pellet carbon flux is decreasing (Fig. 3.7) are in the warmer 

part of the study area (Fig. 3.1); and the waters west of the Iberian Peninsula, where flux 

is decreasing the most, are some of the warmest. There, copepod concentrations are also 

decreasing (Fig. 3.9). An analysis of the CPR phytoplankton and zooplankton datasets 

together shows an overall positive correlation between copepod and phytoplankton 

abundance (Richardson & Schoeman 2004). The same study suggests that warming 

temperatures bolster phytoplankton populations in cooler regions, while it dampens them 

in regions that are warmer to begin with. While this southern region shows decreasing 

flux, the proportion of the fecal pellet carbon produced that is reaching 1000 m is 

increasing (Fig. 3.8B). This increasing flux efficiency is caused by increasing average 

size of copepods in the region (Fig. 3.9), driven mainly by Centropages and Metridia spp.  

In 1998 Wexel Riser et al. (2001) observed low fecal pellet carbon flux at a station in this 

region, despite large numbers of small calanoid copepods present. The majority of fecal 

pellet flux was attributable to relatively large fecal pellets (Wexels Riser et al. 2001). This 

region is influenced not only by shifts in the NAO, but also seasonal upwelling. While 

increased NAO winter values negatively impacted offshore copepod abundance, variable 

winter upwelling conditions affected coastal production from year to year. Upwelling 

favorable winters supported greater productivity of coastal copepods (Bode et al. 2009) 

and perhaps the larger species that are driving fecal pellet flux efficiency in this area. The 

modeled fecal pellet carbon flux estimates presented here are based upon 5-year 
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climatologies and given the impact of the NAO, a decadal oscillation, these results may 

be sensitive to the time-scale of the climatologies used.  

 Flux in most of the study region is decreasing, but in the western North Atlantic, 

fecal pellet carbon flux shows the opposite trend. The increase in flux off the southeastern 

coast of Greenland is being driven by increases in the biomass of subarctic community-

type species (as defined by Beaugrand et al. 2009): Calanus spp. copepodids (stages one 

to four), Calanus finmarchicus copepodid stages five and adults, and Pseudocalanus and 

Paracalanus spp. copepodid stages one to adult. While Calanus spp. copepodids are the 

most abundant copepods in this region (Fig. 3.17B), Calanus finmarchicus copepodid 

stages five and adult contribute most to copepod biomass due to their large size (Fig. 

17A). Late stage Calanus finmarchicus are therefore driving the increase in fecal pellet 

flux in this region. The increase in calanoid copepod biomass off of Greenland may also 

be related to an increase in phytoplankton abundance. A temperature increase in this 

relatively cool part of the study area (Fig. 3.1) could lead to increased stratification, 

phytoplankton and zooplankton production (Reygondeau et al. 2015), and as our 

calculations suggest, increased fecal pellet flux. The importance of Calanus finmarchicus 

to fecal pellet carbon flux was also found in the Gulf of Maine (Stamieszkin et al. 2015). 

This pattern highlights the importance of size in addition to abundance in driving fecal 

pellet carbon flux. 
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 The composition of marine communities is responding to climate change. As 

ocean temperatures warm, communities shift north; primary production responds to 

increased stratification, and zooplankton biomass responds to phytoplankton availability. 

The North Atlantic patterns of warming temperatures and decreasing copepod biomass 

are clear; we find that warming leads to reduced copepod mean size and biomass (Fig. 

3.13), and thus to reduced fecal pellet carbon flux (Fig. 3.11B). However, local physical 

dynamics and change within copepod communities can cause modeled fecal pellet carbon 

flux in particular regions to differ. For example, in the region off the Iberian Peninsula 

flux is decreasing as a result of declining biomass, but the decrease is dampened due to 

an increase in a few larger copepod species. In waters east of Greenland, warming is 

coincident with an increase, rather than decrease, in biomass and fecal pellet flux. We 
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Figure 3.17. Bar graphs of total annual A) biomass and B) concentration of dominant 
copepod taxa in Area 9 over the time series; these taxa represent 99.5% of all copepods 
by biomass.
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have identified generalized patterns relating fecal pellet carbon flux to copepod 

communities and temperature, but these relationships must be used with an understanding 

of local conditions. Future work will focus on incorporating phytoplankton dynamics, as 

well as trade-offs between the export of unconsumed phytoplankton biomass versus fecal 

pellets, in the biological carbon pump.  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CHAPTER 4 

ZOOPLANKTON GRAZING EFFECTS ON PARTICLE SIZE SPECTRA  

IN NATURAL PLANKTON COMMUNITIES 

Introduction 

 There are two contrasting ways to view plankton communities in the ocean: as 

size-structured and as species-structured. The interchangeability of different species of 

similar size is central to a size-based ecosystem view. This concept is supported by the 

finding that zooplankton grazers have an optimal size range in which they feed regardless 

of the prey type (Kiørboe 2008, Wirtz 2012, Boyce et al. 2015). However, this 

interchangeability is counter to traditional food web models, which emphasize 

connections between individual species or taxonomic groups. The size-based view also 

contradicts the established ecological concepts of keystone and foundational species, 

which suggest that a few species play disproportionally large roles in structuring their 

ecosystems, or in storing and moving energy to other trophic levels (Paine 1966, Jones et 

al. 1944). 

 Plankton community size structure is usually characterized by a power-law 

relationship between body size and biomass within a size class (Sheldon et al. 1972).  

Differences in this relationship among ecosystems can be attributed to bottom-up 

controls, such as nutrient availability (Sprules & Munawar 1986, Taniguchi et al. 2014), 

and top-down controls, such as predation (Zhou 2006, Taniguchi et al. 2014). Predation 

itself is constrained by size, with individual predators or grazers selecting prey within a 

narrow size range of approximately 10% of their own body size (Kiørboe 2008). Others 
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have found a log-linear relationship between predator and prey size, corroborating narrow 

prey selection (Wirtz 2012, Boyce et al. 2015). Pelagic tunicates are a notable exception 

to these allometric rules. These gelatinous filter-feeding zooplankton can be multiple 

centimeters long, but can feed on sub-micron sized plankton (Sutherland et al. 2010). 

This adaptation and gelatinous body plan are specialized to allow pelagic tunicates to 

persist in episodically food-replete environments (Acuña 2001). 

 Early grazing experiments that used natural assemblages of  microplankton prey 

showed that copepods graze preferentially on the most abundant prey particles regardless 

of their size (Parsons et al. 1967, Poulet 1973), or consume larger particles first, followed 

by the most abundant (Richman et al. 1977). Due to the strong size-structuring in the 

ocean, size is considered a “master trait” in marine ecology (Litchman & Klausmeier 

2008, Litchman et al. 2013, Barton et al. 2013) and food web models based upon size 

spectra (abundance as a function of individual length or mass) are well established in the 

field of oceanography (Banas 2011, Zhou et al. 2010, Taniguchi et al. 2014).   

 Size is also an important variable in understanding the efficiency of the biological 

carbon pump. The biological carbon pump is a set of processes that moves biogenic 

carbon from the surface to the deep ocean (Ducklow et al. 2001). When biogenic carbon 

sinks deep enough, often out of a surface mixed layer, it is decoupled from the 

atmosphere-ocean interface (de la Rocha & Passow 2007). When a higher proportion of 

particles produced at the ocean’s surface sink below this depth, the biological carbon 

pump is sequestering carbon more efficiently. In the field, the production of larger 
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particles can explain increases in carbon export efficiency (Boyd & Newton 1999), 

because particle size is directly related to sinking rate (Guidi et al. 2008). Therefore, 

understanding the processes that give rise to particle size structure is critical to 

understanding variability in the ocean carbon cycle (de la Rocha & Passow 2007).  

 Interactions among plankton trophic levels play a central role in shaping particle 

size structure through grazing, respiration, excretion and egestion (Legendre & Michaud 

1998, Ward et al. 2014). These metabolic rates and processes often scale allometrically 

with body size (Brown et al. 2004). Particles that are not consumed by grazers sink if 

they are large and dense enough; for example, large, ballasted diatoms often contribute 

disproportionately to particle flux measured at depth (Buesseler 1998). Small particles 

that would otherwise not sink can be aggregated by grazers and egested as larger fecal 

pellets, which also contribute to measured particle flux (Turner 2015, Wiedmann et al. 

2014, Laurenceau-Cornec et al. 2015). Larger mesozooplankton produce larger fecal 

pellets which are more likely to sink below the surface mixed layer (Uye & Kaname 

1994, Mauchline 1998, Stamieszkin et al. 2015). Mesozooplankton size structure 

therefore impacts particle size and flux potential in two ways: 1) in consuming particles 

within a particular size range but leaving those too small or too large, and 2) by creating 

larger particles from those consumed. 

 In this study, we present results from a series of experiments designed to examine 

the net effect of mesozooplankton grazing and egestion on particle size structure. The 

experiments use natural assemblages of mesozooplankton grazers, as well as 
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phytoplankton and microzooplankton prey, collectively termed microplankton. We 

analyze the experiments using imaging technology, which allows us to consider both size 

and species simultaneously. We are interested in how the plankton community structure, 

in terms of size and species composition, changes over the course of the year under 

different physical conditions. We hypothesize that the impact of mesozooplankton 

grazing on the microplankton community will reflect the size preferences of the grazers, 

and that when we increase the mesozooplankton grazing pressure, gaps in the 

microplankton size structure reflecting the narrow size-selection window will appear. An 

alternative hypothesis is that we will observe a species or taxon-specific prey preference, 

which results in the removal of a taxonomic group. Finally, we hypothesize that fecal 

pellet production by the mesozooplankton will shift the particle spectrum toward larger 

particles, increasing the potential for downward particle flux. 

Materials and Methods 

 We conducted five experiments in 2014, at different times of year to capture the 

seasonal variability in plankton community structure and physical conditions. We used 

natural assemblages of both mesozooplankton grazers and microplankton prey.  

 Field collections - Plankton were collected at one station (DMC2) approximately 

5 nm from the mouth of the Damariscotta River, in the Gulf of Maine (43º 45.027’ N, 

069º 20.236’ W) (Fig. 4.1). Sampling and experiments were conducted over seven 

months, from the beginning of April to the end of October 2014 (Table 4.1). We collected 

the microplankton community (< 200 µm) by sampling 24 L of whole seawater from the 
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chlorophyll maximum, using 3 L Niskin bottles. We gently passed the water through 

tubes fitted with 210 µm mesh directly from the Niskin bottles into a large cooler to 

remove mesozooplankton. The mesozooplankton ( ≥ 200 µm) community was sampled 

with a 200 µm mesh, 0.5 m ring net and a non-filtering cod end. We conducted one 

vertical tow to approximately 100 m depth, which was 5 to 10 m above the seafloor, 

thereby sampling the entire mesozooplankton community. Once onboard, the live 

mesozooplankton were immediately diluted and transferred into containers of whole 

seawater, and placed into a cooler with ice.  
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Figure 4.1. Map of the study region; 
station DMC2 is marked by a triangle; 
Bigelow Laboratory for Ocean Sciences 
(BLOS) and other landmarks are indicated 
by dots. 



 Lab incubations - Laboratory work was conducted at Bigelow Laboratory for 

Ocean Science (BLOS) in East Boothbay, Maine, U.S.A. (Fig. 4.1). We started the 

laboratory experiments within 2 to 3 h of the field collections, ensuring that the plankton 

were alive and active. Each experiment included treatment and control containers, in 

triplicate. Each of the six incubation containers consisted of two nested 1 L tripour 

beakers. The inner beaker had a 210 µm mesh bottom, so that fecal pellets produced by 

mesozooplankton would fall through the mesh and be protected from coprophagy 

(Urban-Rich 2001). The incubation containers were filled with 600 ml of 210 µm-filtered 

seawater, containing the microplankton community. We then added 100 ml live 

mesozooplankton suspension to the treatment containers, and 100 ml of 210 µm-filtered 

mesozooplankton suspension water (without grazers) to the control containers, so that 

there was 700 ml water in all containers. The containers were incubated at ambient near-

surface temperature for 4 h. Preliminary experiments showed that there was no 

significant difference when the containers were incubated in the dark versus the light, 

likely due to the short incubation time; we therefore incubated all containers in the dark.  
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Table 4.1. Summary of experimental conditions. Incubation temperature is as close to 
ambient temperature as possible. Microplankton area based diameters (ABDs) are from 
FlowCam analysis. Mesozooplankton prosome lengths (PLs) are measurements made 
after the experiments, using ImageJ software and preserved samples. Numbers reported 
are the mean ± one standard deviation. 

Date of 
experiment

Incubation 
temperature (ºC)

Microplankton 
ABD (µm)

Mesozooplankton PL 
(µm)

03 April 2014 2.0 26.5 ± 15.0 
n = 759

230.0 ± 156.4 
n = 557

06 May 2014 5.5 48.2 ± 28.4 
n = 1114

652.5 ± 747.7 
n = 93

07 July 2014 14.0 23.8 ± 14.7 
n = 5967

1317.0 ± 961.9 
n = 142

25 August 2014 15.0 32.5 ± 17.3 
n = 4203

874.4 ± 370.8 
n = 94

21 October 2014 12.0 32.0 ± 18.6 
n = 2516

691.4 ± 223.5 
n = 124
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 After the 4 h incubation, the inner mesh-bottom beaker was removed and the 

strained contents (zooplankton ≥ 210 µm) were preserved in 5-6% buffered formalin for 

analysis. The beakers containing the remaining 700 ml seawater, microplankton that had 

not been grazed, and fecal pellets, were placed into an ice bath to halt grazing and 

degradation, until they were subsampled (150 ml) for FlowCam® analysis (see “Lab 

analysis” below). The rest of the sample (550 ml) was refrigerated at 3-5 °C to minimize 

degradation processes, until it was processed via microscopy. 
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Figure 4.2. Example images from the experiment analysis: A) FlowCam images from 
left to right, Laboea sp., small ciliate, silicoflagellate, large Ceratium sp., small 
dinoflagellate, small chain diatom, mesozooplankton fecal pellet; B) fecal pellets to be 
analyzed with ImageJ; C) copepod grazers analyzed with ImageJ software.



 Lab analysis - We analyzed 150 ml of the incubated seawater with a Fluid 

Imaging Technologies, FlowCam® (VS IV) in "trigger mode,” which collects images of 

the naturally fluorescing particles in the sample due to chlorophyll autofluorescence (Fig. 

4.2A). This mode of data acquisition has been used previously in grazing experiments 

(Ide et al. 2008). The FlowCam software, VisualSpreadsheet®, also collects a suite of 

measurements for each particle image, including area based diameter (ABD). We used a 

lower limit of 10 µm ABD because smaller particles were unidentifiable and close to the 

instrument’s lower range of particle detection using a 4 x objective (1 um per pixel). The 

upper limit of microplankton size was 200 µm due to how we defined and separated 

meso- and microplankton. Fecal pellets collected in the incubation containers from the 

remaining 550 mL were processed within 8-16 h of the incubation after being stored at 

3-5 °C. We subsampled and photographed a minimum of 50 representative fecal pellets 

from a known fraction of the sample collected, using a Canon Rebel T3i digital camera 

attached to an Olympus SZ60 microscope (Fig. 4.2B). Similar to the fecal pellets, the 

preserved mesozooplankton from all experiments were subsampled and photographed 

using a Leica DFC290 with FireCam® software (Fig. 4.2C). We used open source ImageJ 

software to estimate ABD for fecal pellets and prosome length (PL) for mesozooplankton 

(Abràmoff et al. 2004). 

 Particle classification and data analysis - We estimated the size and 

concentration of particles before (initial samples) and after (control and treatment 

samples) the incubations, using the FlowCam. However, the FlowCam only captures 

images of a fraction of the particles that pass through it; we therefore applied a correction 
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factor to estimate particle concentration (no. mL-1). When calculating the effect of 

mesozooplankton grazing on the microplankton community, we had to also take into 

account microzooplankton grazing (Nejstgaard et al. 1997). The difference in 

microplankton community concentration and size structure between the initial samples 

(pre-incubation) and the control samples (post-incubation, no mesozooplankton) was due 

to microzooplankton grazing (heterotrophs < 200  µm). Therefore, when calculating the 

impacts of mesozooplankton grazing (> 200 µm), treatment samples (post-incubation, 

mesozooplankton present) were compared to control samples, rather than to initial 

samples. Incubations times were short (4 h) to limit possible trophic cascade effects 

inside the incubation containers (Klaas et al. 2008). 

 We binned the collected images into taxonomic and size categories to explore the 

experiment results, using a histogram function (Matlab v. R2014b). VisualSpreadsheet 

software was used for automated identification of particles from the FlowCam samples. 

We binned the particles into general taxonomic categories: microzooplankton, chain 

diatoms, centric or pennate diatoms, dinoflagellates, colonial phytoplankton, 

silicoflagellates and unidentified. Microplankton were labeled “unidentified” if they were 

too small (mostly < 20 µm) or out of focus to identify by taxon. The unidentified 

microplankton were included in the size analyses. All classifications were confirmed by 

eye.  

 Binning data by size inherently adds some subjectivity to an analysis. We 

therefore chose bin widths based upon the sizes of the organisms in our samples. We also 
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tested several bin widths to make sure those that we selected did not conceal any 

important information about the community size structure. When calculating mean 

particle and mesozooplankton sizes (Table 4.1), we aggregated measurements from each 

triplicate within an experiment, to show variability within the communities for each of 

the five experiments. When calculating mean particle and grazer concentrations, and 

mean grazing impact, we calculated the means and standard deviations among triplicates 

for each experiment, to demonstrate the reproducibility of our experimental design. 

 We compared size distributions of the particles consumed by the 

mesozooplankton grazers with the size distributions of the grazers themselves. This was 

done by calculating the number of microplankton consumed which fell within a range of 

size bins, as described above. We then parameterized a log-linear relationship between 

the abundances of grazers and prey using a least-squares linear regression (Matlab v. 

R2014b). We also compared the abundances using published relationships (Kiørboe 

2008, Wirtz 2012, Boyce et al. 2015). Finally, we estimated a relationship between a 

grazer size metric and the volume of particles produced during the incubations, again 

using a linear regression function (Matlab v. R2014b). 

!84



Results 

 Our goal in conducting multiple experiments over a year was to sample the entire 

annual seasonal cycle, but an extraordinarily severe winter prevented us from completing 

work after November 2014. The ambient sea surface temperature during the study period 

(April to November) ranged from 2ºC to 15ºC. 

 The taxonomic composition of the autofluorescing microplankton community (< 

200 µm) varied over the duration of the study (Fig. 4.3). Microzooplankton constituted 

42% of the microplankton by abundance in April and 70% in May. Most of the 

microzooplankton present in April were small (≤ 60 µm), whereas approximately half of 

the microzooplankton present in May were large ciliates of the genus Laboea. Small 

chain diatoms (≤ 40 µm) dominated in July, small dinoflagellates were the most abundant 

microplankter in August (≤ 50 µm), and silicoflagellates were most abundant in October 

(Fig. 4.3). Unidentified microplankton made up 35% of the total, on average. 
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Microplankton size structure shifted throughout the experiments (Fig. 4.4). Mean 

microplankton size ranged from 23.8 ± 14.7 µm in July to 48.2 ± 28.4 µm in May (Table 

4.1). The smallest microplankter included in the analysis was 10.0 µm ABD, due to 

instrument limitation based on the microscope objective used (4 x), and the largest 

microplankter measured was 164.5 µm ABD. The natural communities of microplankton 

had log-linear distributions in all experiments except for the one conducted in May (Fig. 

4.4B).  

 Mesozooplankton community composition and size structure varied throughout 

the experiments as well. Copepods dominated the mesozooplankton community during 

all experiments except in April, when barnacle nauplii (Balanus spp.) were most 

abundant (Fig. 4.5A).  Barnacle nauplii were still abundant in May, but mixed with 

calanoid copepods, including Calanus finmarchicus copepodids and adults, and genus 

Pseudocalanus (Fig. 4.5B). In July the mesozooplankton grazers were composed mostly 

of calanoid copepods, including late stage Calanus finmarchicus, and genera Acartia, 

Pseudocalanus, Temora, and Centropages. Cladocera were also present in the July 

mesozooplankton grazer community (Fig. 4.5C). During the August experiment the 

mesozooplankton included the genera Centropages, Temora, Pseudocalanus and Calanus 

finmarchicus (Fig. 4.5D). One of the three treatment containers also contained a 

Chaetognath; however, no consistent pattern in particle abundance indicated that the 

Chaetognath significantly altered the grazing impact of the mesozooplankton community. 

The Chaetognath was not included in the grazer body size analyses. The 

mesozooplankton grazer community in the final experiment, conducted at the end of 
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Figure 4.6. Microplankton size distributions from five experiments in 2014; each row 
represents data from one experiment. Dark gray bars represent results from the 
containers that contained no mesozooplankton grazers (“control”); light gray bars 
represent results from the containers containing mesozooplankton grazers (“treatment”). 
The lefthand column shows effects of grazing on the particle size distribution; the 
righthand column shows the effects of grazing and fecal pellet production on particle 
size distribution. The distributions are represented as proportion of total particles in 
each size bin. Bin width is 40 µm and size is estimated as area based diameter (µm). 
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October, was composed mostly of the genus Temora, and also contained some 

Pseudocalanus and Centropages. Late stage Calanus finmarchicus were also present, but 

sparse (Fig. 4.5E). 

 Mean mesozooplankton prosome length (PL) ranged from 230.0 ± 156.4 µm in 

April, to 1317.0 ± 961.9 µm in July (Table 4.1). These results were driven by the 

overwhelming dominance of small barnacle nauplii in April, and late stage Calanus 

finmarchicus in July (Fig. 4.5A and 4.5C, respectively). The smallest mesozooplankter 

measured 75.7 µm in PL and was found in the May experiment. The largest 

mesozooplankter measured 5.3x103 µm and was in the July experiment. 

 The goal of these experiments was to study the grazing impact of 

mesozooplankton on particle size structure. We therefore calculated the percent of 

microplankton grazed to show that grazing did indeed occur, rather than to quantify 

specific grazing rates. We found that mesozooplankton grazing resulted in an average net 

loss of at least 10.4 ± 1.2% of microplankton in May, and at most 55.7 ± 12.6% in July 

(Table 4.2). However, grazing by the mesozooplankton did not result in a distinct change 

in microplankton size structure, as hypothesized. The size distribution of microplankton 

in the control containers, which contained no mesozooplankton grazers, was rarely 

different from the distribution of microplankton in the treatment containers, in which 

grazers were grazing (Fig. 4.6A, 4.6C, 4.6E, 4.6G, 4.6I). The only changes in size 

distribution related to grazing were observed in July and August, when particle relative 

abundance decreased in the 10 to 50 µm size bin, and subsequently increased in the 50 to 

90 µm size bin (Fig. 4.6A, 4.6C); however, these effects were minimal. Given the known 
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relationships between individual mesozooplankton grazer size and prey size range 

(Kiørboe 2008, Wirtz 2012, Boyce et al. 2015), we looked for a community-level 

relationship between grazer community size structure and the size structure of 

microplankton prey consumed. No such relationship was apparent in this study. 

Table 4.2. Microplankton and mesozooplankton grazer concentrations from each 
experiment. Numbers reported are the mean ± standard deviation of replicate 
measurements (n = 3), except the initial microplankton concentration from 03 April 2014 
(n = 2). Note: grazer concentration has been increased from that in the field and does not 
necessarily reflect natural concentrations. 

  

  

Experiment 
date

Initial 
microplankton 
concentration 

(# ml-1)

Control 
microplankton 
concentration 

(# ml-1)

Treatment 
microplankton 
concentration 

(# ml-1)

Grazer 
concentration 

(# ml-1)

Percent 
grazing by 
mesozoo-
plankton 

(%)

03 April 
2014 7.5 ± 2.1 7.4 ± 0.9 5.8 ± 0.9 1.5 ± 0.2 21.7 ± 3.2

06 May 
2014 7.3 ± 0.3 5.7 ± 0.6 5.1 ± 1.0 0.1 ± 0.0 10.4 ± 1.2

07 July 
2014 39.5 ± 6.6 26.2 ± 8.4 11.0 ± 3.0 0.9 ± 0.1

56.0 ± 
12.5

25 August 
2014 27.4 ±2.6 19.5 ± 1.1 11.0 ± 1.3 0.3 ± 0.0 43.5 ± 3.5

21 October 
2014 16.4 ±2.3 12.4 ± 0.4 9.0 ± 0.3 0.3 ± 0.1 29.9 ± 0.9
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 Grazing by mesozooplankton alone did not significantly change the 

microplankton size structure. However, a shift in particle size distribution was observed 

in nearly all experiments when the production of fecal pellets that resulted from grazing 

was included in the analysis. The average size of particles increased from 26.4 to 35.9 µm 

in April (Fig. 4.6B), 23.8 to 87.7 µm in July (Fig. 4.6F), 32.4 to 82.6 µm in August (Fig. 

4.6H), and 31.9 to 61.6 µm in October (Fig. 4.6I). In May average particle size did not 

significantly change (47.8 to 48.7 µm; Fig. 4.6D). While we did not find a singular 

relationship between grazer community size structure and the size structure of 

microplankton consumed, we did find a log-linear relationship between median grazer 

prosome length (PL) and mean volume of particles produced during the incubation period 

(Volmean, R2 = 0.65, p << 0.01, Fig. 4.7): 

 log10(Volmean) =  1.4 log10(Volmean) + 6.7    (4.1) 

We compared this community-level relationship with individual-based relationships in 

the literature and found that they were similar (Uye & Kaname 1994, Mauchline 1998, 

Stamieszkin et al. 2015), indicating that the known body length to fecal pellet volume 

relationship can be scaled up from individual organisms to a community.  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Discussion 

 Most plankton grazing experiments focus either on size or species. Experimental 

approaches have tended to emphasize the species-specific view and consider the effects 

of grazing by only one or a few grazer species. For example, it has been shown that 

calanoid copepods often prefer ciliate prey (Atkinson 1995, Atkinson 1996, Nejstgaard et 

al. 1997, Bollens & Penry 2003, Castellani et al. 2008, Fileman et al. 2010). However, 

prey preference can also change with season (Teegarden et al. 2001, Bollens & Penry 

2003, Castellani et al. 2008), diel cycles (Wu et al. 2010) and prey toxicity (Teegarden 

1999, Ger et al. 2016). Rather than focus on species, we use size as an organizing trait, 

which allows us to connect trophic dynamics directly to particle size spectra and 

particulate organic flux potential. 

 Based upon plankton predator-prey size relationships (Kiørboe 2008, Wirtz 2012, 

Boyce et al. 2015), we hypothesized that grazing by mesozooplankton on microplankton 

would create gaps in the particle size spectrum, and that these gaps would be predictable 
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Figure 4.7. Median mesozooplankton 
prosome length (PL, mm) versus mean 
volume of particles produced during 
the incubations (Volmean, µm3); most of 
these particles were mesozooplankton 
fecal pellets. Both axes are on a log10 
scale. The dotted line is a line of best fit 
(R2 =0.65, p << 0.01): log10(Volmean) = 
1.4 log10(PL) + 6.7
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based upon the size structure of the grazers. However, in our grazing experiments we 

found little evidence for preference, either for size or species.  The shapes of the prey size 

spectra after grazing were similar to those with no grazing (Fig. 4.6A, 4.6C, 4.6E, 4.6G, 

4.6I), indicating that mesozooplankton in our experiments were eating prey in proportion 

to their abundance (Fig. 4.8). Non-selective feeding has been documented in older 

literature and our results align well with these patterns (Parsons et al. 1967, Poulet 1973, 

Richman et al. 1977). However, these studies were constrained by the technology 

available, and were unable to detect more fragile, mixotrophic prey (Verity & Paffenhöfer 

1996). The use of FlowCam for analyzing grazing experiments enables a more 

standardized analysis of particle size, and by processing live samples rather than 

preserved, the likelihood of losing particles through preservation and handling is 

decreased. 

 These experiments are unique because they use whole natural assemblages of 

grazers and prey. Previous work using natural prey communities has focused on a limited 

number of grazer types (Parsons et al. 1967, Poulet 1973, Richman et al. 1977, Atkinson 

1995, Nejstgaard et al. 1997, Teagarden et al 2001, Bollens & Penry 2003, Castellani et 
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microplankton, in one of 15 size bins 
(bin width of 20 µm), from the initial 
samples (the microplankton available 
for consumption), versus the number 
of microplankton grazed by 
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al. 2008, Fileman et al. 2010, Wu et al. 2010), and published size relationships between 

grazers and prey are based on individual organisms, rather than whole communities 

(Kiørboe 2008, Wirtz 2012, Boyce et al. 2015). When the cumulative effects of individual 

grazers are considered, the emergent community-scale patterns are quite different. Rather 

than grazing down narrow size ranges of prey, as would be predicted by individual 

predator-prey size relationships, the mesozooplankton community has a uniform grazing 

effect. This effect results in microplankton being consumed in proportion to their 

abundance. 

 The uniform grazing effect could be explained in two ways.  First, the predators 

may be feeding indiscriminately across the full range of prey sizes and types. This seems 

unlikely given the large range of predator sizes (Table 4.1). Instead, we propose that the 

grazer and microplankton communities are tightly coupled and have developed over time 

to fit one another in the field; therefore when we intensify grazing in our treatment 

containers, the particle abundance changes, but not the size distribution. Any prey that 

was preferred by one of the available predators was already grazed down to the point 

where they blend in with other similar sized prey.  This has the effect of broadening the 

size classes over which each predator feeds.  Furthermore, the abundance of each 

predator  reflects the past abundance of its possible prey. 

 Another way to consider this is a reshaping of the Red Queen hypothesis, 

borrowed from evolutionary biology (VanValen 1973). The Red Queen hypothesis posits 

an evolutionary arms race between predator and prey in which the two are constantly 
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evolving in tandem to maximize consumption by the predator, and escape by the prey, 

allowing both to accumulate biomass at converse times. In a plankton community, 

microplankton proliferate within the restrictions of nutrients and physical factors, and 

mesozooplankton life cycles are adapted to time periods of high prey availability 

(Longhurst 1995, Tommasi et al. 2013, Friedland et al. 2015). Hence, there is usually a 

tight coupling between plankton trophic levels, and it would be expected that available 

prey items will be grazed. This scenario gives rise to the even distribution of grazing over 

a prey size spectrum. 

 Exceptions to this pattern of even grazing occur when a species diverts resources 

to protect itself from predation or outcompete other grazers. Pelagic tunicates do this by 

investing in a gelatinous body plan, which enables them to be relatively large and feed on 

relatively small prey (Acuña 2001, Sutherland et al. 2010). We observed a notable 

example of this in our experiments. A large species of the dinoflagellate genus Ceratium 

(example image in Fig. 4.2A) was abundant during the July experiment, and present in 

the August and October experiments. Its relative large size (~ 50 to 100 µm) and spines 

likely protect it from significant grazing (Verity & Paffenhöfer 1996). Using size as an 

organizing trait allows outliers like Ceratium to stand out as not being grazed; its 

abundance remains nearly the same between control and treatment containers (Fig. 4.9). 

By investing in spines and size, Ceratium is able to reduce its predation mortality, 

although likely using resources that could be used for reproduction. Another explanation 

could be that we did not collect grazers large enough to consume these large Ceratium 

cells. Based on the individual predator to prey size ratio of 10:1 (Kiørboe 2008, Boyce et 
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al. 2015), the mesozooplankton grazers in our experiments could have consumed these 

cells, but did not. This suggests that while grazing in proportion to abundance may be the 

default, there are opportunities for individual species to break out of the size spectrum 

through a major investment in adaptations which reduce mortality. 

 In this study we consider not only particles that are grazed, but also particles that 

are produced. The production of fecal pellets clearly adds particles to the larger size bins 

within the particle size spectrum considered (Fig. 4.9). By collectively grazing most 

particles in the 10 to 50 µm size range, and aggregating those into larger fecal pellets in 

the 100 to 500 µm size range, mesozooplankton grazers in our experiments increase mean 

particle size. Larger fecal pellets sink faster and are therefore more likely to contribute to 

particle flux out of the surface ocean (Stamieszkin et al. 2015). In these experiments, 

mesozooplankton grazing and egestion therefore increased the potential for fecal pellet 
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Figure 4.9. Particle size distribution for all experiment 
data combined; bars are approximate 6.5 µm wide. 
Black bars represent the particles in control containers 
after incubation (no mesozooplankton grazing) and 
white bars represent the particles in treatment 
containers after incubation (mesozooplankton present 
and grazing). Particle abundance per size bin is the 
FlowCam count per 700 ml sample container.
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carbon flux. When mesozooplankton feed, they also create smaller particles by breaking 

apart prey items (Poulet 1973). It is likely that smaller particles were produced by feeding 

in these experiments. However, the particles were either unidentifiable, or smaller than 10 

µm and not included in this analysis. Future experiments could use additional technology, 

such as flow cytometry, to capture a wider size range of particles. 

 In the analysis of these experiments, we consider particle size as a proxy for 

carbon content. While this is generally a reasonable assumption (Alldredge 1998, Mullin 

et al. 1966, Menden-Deuer & Lessard 2000), the carbon content, and stoichiometry of 

microplankton change depending upon taxonomy and evolutionary history (Menden-

Deuer & Lessard 2000, Quigg et al. 2003), nutrient availability (Geider & la Roche 

2002), as well as other factors reviewed by Klausmeier et al. (2008). The stoichiometry of 

zooplankton fecal pellets also varies depending upon the composition of prey begin 

consumed (Urban-Rich et al. 2001, Atkinson et al. 2012) and amount of prey available 

(Atkinson et al. 2012). In future iterations of these experiments, nutrient analysis of 

microplankton and fecal pellet stoichiometry would provide information useful to 

quantifying the relationship of mesozooplankton grazing to nutrient cycling, and export. 

 Predator-prey size relationships in the literature primarily focus on individual-

level selection, and these relationships do not directly scale up to the community level. 

Further, models of optimal mesozooplankton prey size have limited applicability to 

natural plankton communities, since a grazer may never cross paths with prey of the 

optimal size, but must still feed. In order to understand the trophic dynamics that affect 
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particle size spectra, and therefore the efficiency of the biological carbon pump, it is 

essential to be able to scale up from the the individual organism to the community level. 

Future experimental and modeling work should take into consideration trophic dynamics 

at the community level, and consider grazing and particle production along a continuum. 

The abstraction of taxonomic information using the size as a descriptive trait allows us to 

take that community view, and work towards a mechanistic understanding of how trophic 

interactions affect particle flux potential.  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CHAPTER 5 

DISSERTATION CONCLUSION 

 The goal of my dissertation research was to explore some of the impacts that 

mesozooplankton have on the ocean’s biological carbon pump. I incorporated modeling 

and experimentation methods; both used organism size as a central trait. The modeling 

work focused on copepods because they are ubiquitous and abundant in the world’s 

oceans, a lot is known about their metabolic processes, and because the Continuous 

Plankton Recorder has sampled them effectively over large areas and multiple decades. 

These datasets offer a unique opportunity to study change in the ocean over large spatial 

and temporal scales. The models that I described in Chapters Two and Three used 

metabolic relationships with body size and temperature to estimate fecal pellet carbon 

flux in the Gulf of Maine (Chapter Two) and northern North Atlantic Ocean (Chapter 

Three) over the last several decades. Chapter Four described experiments conducted off 

of the Damariscotta River Estuary, in the Gulf of Maine. These experiments used natural 

mesozooplankton and microplankton communities to quantify the impact of grazing on 

microplankton and detrital size spectra.  

 The work presented in Chapter Two was aimed at developing a model to test the 

importance of copepod body size on fecal pellet carbon flux. I hypothesized that larger 

copepods would contribute disproportionately to fecal pellet flux because of the 

compounding effects of pellet size: they sink faster and therefore less material is 

remineralized before the pellets reach a particular depth horizon or the seafloor. I found 

that large copepods were more important to variability in fecal pellet flux, but that 
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abundance was also important. While I used a trait-based approach to model fecal pellet 

carbon flux, focused on size as an organizing trait, the copepod species Calanus 

finmarchicus was the primary diver of fecal pellet carbon flux because they are both large 

and abundant in the Gulf of Maine. Sensitivity analysis of the Gulf of Maine model 

revealed that remineralization rate of the fecal pellets had the greatest impact on 

variability of flux estimates made by the model. 

 The second iteration of the copepod fecal pellet carbon flux model was presented 

in Chapter Three. In this model, I incorporated a more realistic temperature-dependent 

remineralization function, as well as copepod diel vertical migration behavior. The model 

was applied to 55 years of Continuous Plankton Recorder copepod abundance and 

taxonomic data. The major findings of this chapter were that copepod biomass, which is a 

combination of size and abundance, drives fecal pellet carbon flux. In addition warming 

throughout the North Atlantic over the last several decades has generally led to a decline 

in biomass and consequently, a decline in fecal pellet carbon flux. While these patterns 

applied broadly to the study region, I also found that local dynamics led to different 

responses to warming. In some areas fecal pellet carbon flux decreased as a result of 

declining biomass, but an increase in the abundance of a few larger taxa lessened this 

effect and increased export efficiency at the same time. Another unexpected finding 

presented in Chapter Three was that warming in the coolest regions of the northern North 

Atlantic is actually increasing copepod biomass and fecal pellet flux. Chapter Three also 

raises some questions about the impact of diel vertical migration behavior on the 

biological carbon pump. While vertical migration did result in active transport and release 
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of carbon deeper in the water column, flux increased more when the copepods remained 

at the surface and fed throughout the day. This raised new questions about diel feeding 

patterns, and the export of surface versus water column production. 

 Chapter Four described a series of grazing experiments aimed at quantifying the 

impact of mesozooplankton grazing on particle size structure. Based upon published 

predator to prey size ratios, I hypothesized that grazing would create holes in the 

microplankton size spectrum. I also tested the hypothesis that the aggregation of prey into 

fecal pellets would shift the particle size spectrum toward larger particles. These 

experiments were novel because they used complete natural assemblages of 

mesozooplankton grazers and their microplankton prey. A FlowCam (Fluid Imaging 

Technologies) imaging system allowed me to observe taxonomic, as well as size-based, 

prey selectivity. The findings of this work were different from what I had expected. 

Rather than narrow ranges of prey being removed from the particle size spectrum, I found 

that prey was grazed in proportion to its abundance, across the size spectrum, with the 

exception of one large, spiny dinoflagellate. Proportional grazing indicated a tight 

coupling between trophic levels that is not always observed in simplified laboratory 

experiments, but likely represents more realistic trophic interactions in the marine 

system. The production of larger fecal pellets did shift the particle size spectrum toward 

larger sizes, as hypothesized. 

 Organism size was an overarching theme in my dissertation research. The fecal 

pellet carbon flux models demonstrate how size could be used to connect individual-scale 

processes with community-scale impacts on carbon cycling. The generalized 
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relationships between temperature and copepod biomass, as well as biomass and fecal 

pellet carbon flux in Chapter Three could be used in global-scale carbon flux modeling 

efforts. The experiments presented in Chapter Four revealed a tight coupling between 

trophic levels that resulted in a smoothed prey size spectrum, and increased particle size 

due to fecal pellet egestion. A question that emerged from this work was whether 

mesozooplankton augment or inhibit carbon flux.  

 The aggregation and egestion of small prey as larger fecal pellets can increase 

carbon flux if prey organisms are too small to effectively sink themselves. However, 

when copepods consume phytoplankton and other prey, they not only aggregate it into 

larger fecal pellets, but also store and respire a fraction of the carbon. Fecal pellet flux is 

therefore a less efficient avenue for carbon export, compared with sinking phytoplankton. 

In the future, I will continue the modeling efforts presented in Chapters Two and Three, 

and incorporate microplankton community dynamics to explore this trade-off. I hope to 

elaborate on the grazing experiments in Chapter Four to parameterize models which 

reflect coupling between mesozooplankton and microplankton communities. Through an 

iterative feedback process between experiments and models, a better understanding of the 

conditions and communities that give rise to different carbon flux scenarios will be 

generated, as well as information about the impacts of changing oceanographic 

conditions on the biological carbon pump.  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Appendix B. Derivation of fecal pellet carbon flux and fecal pellet decay rate 

Let n be the density of copepods (individuals m-3) near the surface of the ocean 

(approximately 7 m, where the Continuous Plankton Recorder tows). The copepods are 

producing sinking fecal pellets at a rate of FPP (fecal pellets time-1); and the pellets 

contain a constant amount of carbon, κ for volume, FPV. These pellets decay at a rate r 

(time-1), and sink at a rate SR (m time-1). Near the surface, the concentration of fecal 

pellet carbon FPCsfc (gC m-3) changes according to: 

In one unit of time, the fecal pellet carbon concentration near the surface where it is 

produced, FPCsfc (gC m-3) is: 

FPCsfc = FPP κ FPV n dt, where dt is 1 

Now consider the fate of copepod fecal pellets as they sink through the water column. 

The rate of change in the concentration at a depth z is a partial differential equation: 

At equilibrium ( = 0) we get an ordinary differential equation: 

which has the solution: 

FPC(z) = FPCsfc e –r/SR z 
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dFPC = FPP κ FPV ndt

∂FPC = -SR ∂FPC – rFPC∂t ∂z

dFPC = -  r  FPCdz SR



Where FPCsfc is the concentration where the fecal pellets are produced. If FPCsfc is the 

equilibrium concentration at the source depth, the concentration at z meters below that 

depth (FPCd) is: 

FPCd = (FPP κ FPV n) e-r/s z 

The fecal pellet carbon flux (gC m-2 time-1) at a particular depth (z) is the concentration 

times the pellets’ sinking rates (SR): 

FPCfluxd = SR (FPP κ FPV n) e-r/s z 

We determined the fecal pellet decay rate, r (time-1) by setting the proportion of fecal 

pellet carbon produced near the surface that reaches a given depth (FPCd : FPCsfc) to a 

range of reasonable retention values (ret), based upon the literature.  

(1-ret) = FPCd/FPCsfc 

We then solved for either one decay rate for the entire dataset, or one decay rate per 

sample, to give the estimated fecal pellet carbon retention: 

 (1-ret) = (FPP κ FPV n) e-r/s z / (FPP κ FPV n) 
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