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A B S T R A C T   

There is increasing interest in assessing the impact of whales on nutrient and carbon cycling in the ocean. By 
fertilising surface waters with nutrient-rich faeces, whales may stimulate primary production and thus carbon 
uptake, but robust assessments of such effects are lacking. Based on the analysis of faeces collected from minke 
whales (n = 31) off Svalbard, Norway, this study quantified the concentration of macro and micronutrients in 
whale faeces prior to their release in seawater. Concentrations of the macronutrients nitrogen (N) and phos
phorous (P) in minke whale faeces were 50.1 ± 10.3 and 70.9 ± 12.1 g kg− 1 dry weight, respectively, while the 
most important micronutrients were zinc (Zn), iron (Fe), manganese (Mn) and copper (Cu). By combining 
measured faecal nutrient concentrations with estimated prey-consumption and prey-assimilation rates, we 
calculate that the current population of approximately 15, 000 individuals in the small management area (SMA) 
of Svalbard defecates daily 7 ± 1.4 tonnes (t) N and 10 ± 1.7 t P during summer. The molar ratio of N:P in minke 
whale faeces was 1.6:1, meaning that N was proportionally limiting, when compared to average elemental ratios 
of 16:1 in phytoplankton. In case of no N limitation in surface waters at that time, the release of elemental P 
through defecation in surface waters has the potential to stimulate 407 ± 70 t of carbon per day during summer 
as new or regenerated primary production in the SMA of Svalbard. This amounts to 0.2 to 4 % of daily net 
primary production in this region. This study provides the first assessment of nutrient concentration in whale 
faeces prior to their dissolution in sea water. Further research, namely on the amount of N released via urine and 
seasonal changes in excreted nutrients, is needed to better assess the full potential of whale nutrient additions to 
dissolved nutrient pools in surface waters at regional and global scales.   

1. Introduction 

Top predators provide important functions and services in marine 
ecosystems, including regulating food webs, supporting fisheries and 
generating tourism (Estes et al., 2016; Hammerschlag et al., 2019; 
Enquist et al., 2020). In addition, there is increasing evidence that ma
rine predators may play a role in ocean nutrient and carbon cycling 
(Atwood et al., 2015; Schmitz et al., 2018; Martin et al., 2021). For 
instance, it has been suggested that dissolved inorganic nutrients from 
whale faeces increase nutrient availability in surface waters and hence 
stimulate primary production and carbon sequestration (Lavery et al., 
2010; Roman and McCarthy, 2010; Ratnarajah et al., 2016; Roman 
et al., 2016; Ratnarajah et al., 2018). 

Phytoplankton requires light and dissolved inorganic macronutrients 

(nitrogen, N; and phosphorus, P; and silicate, for diatoms) for cellular 
growth and development (Redfield, 1934; Brzezinski, 1985). Phyto
plankton also needs a suite of micronutrients, including iron (Fe), 
manganese (Mn), copper (Cu), cobalt (Co), and zinc (Zn) (Brand et al., 
1983; Sunda, 2012; Twining and Baines, 2013). For instance, Fe and Mn 
are essential for carbon fixation during photosynthesis, Cu is used for 
methane oxidation and N utilisation, Co is required for carbon dioxide 
(CO2) acquisition and calcification, while Zn is used for organic P uti
lization, calcification and for silicate uptake by diatoms (See Ratnarajah 
et al., 2014 and references herein). However, dissolved macronutrients 
are often limited in open ocean surface waters, while micronutrients are 
particularly deficient in oligotrophic waters and in the Southern Ocean 
(Ratnarajah et al., 2014; Ratnarajah et al., 2018). Whale faeces contain 
both dissolved macronutrients (Roman and McCarthy, 2010; Roman 
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et al., 2016) and micronutrients (Lavery et al., 2010; Ratnarajah et al., 
2014), which may stimulate primary production (Smith et al., 2013; 
Roman et al., 2016). However, the amount of nutrients released by 
whale populations is still not fully quantified. This is mainly due to 
uncertainties in major biological and biogeochemical parameters, such 
as nutrient concentration in whale faeces, dissolution rates of excreted 
nutrients and proportion of excreted nutrients sinking out of the 
euphotic zone (see Ratnarajah et al., 2016). Filling this knowledge gap is 
critical in order to assess the full potential of nature-based ocean carbon 
sinks and their role in mitigating and adapting to climate change, 
especially in the context of achieving healthy and resilient oceans. While 
previous studies have examined the relative content of different nutri
ents in whale faecal samples collected from seawater (e.g. Roman and 
McCarthy, 2010; Ratnarajah et al., 2014; Savoca et al., 2021), this 
approach cannot be used to estimate the absolute nutrient concentration 
in whale faeces. 

Baleen whales typically aggregate during summer in high latitude 
foraging grounds and migrate in winter to breeding areas located in 
warmer regions (see Moore et al., 2019). In the Northeast Atlantic, the 
productive North Sea, Greenland Sea, Norwegian Sea and Barents Sea, 
constitute summer feeding grounds for various baleen whales species, 
including common minke whales Balaenoptera acutorostrata, fin whales 
Balaenoptera physalus and humpback whales Megaptera novaeangliae 
(Leonard and Øien, 2020). Minke whales are by far the most numerous 
species in these foraging grounds, with an estimated current abundance 
of 149, 722 (CV 0.152) individuals (Solvang et al., 2021), while there 
are an estimated 11,387 fin whales (95 % CI: 8,072–16,063) and 10,708 
humpback whales (95 % CI: 4,906–23,370) (Leonard and Øien, 2020). 
For minke-whale management purposes, these northern feeding grounds 
are divided into so-called small management areas, SMA (IWC, 2004) 
and abundance estimates are available within each SMA (Leonard and 
Øien, 2020; Solvang et al., 2021). The minke whale is the only whale 
species that is commercially harvested by Norway. The unique oppor
tunity to collect biological material from healthy individuals during 
whaling, coupled with detailed information on population size, diet and 
other biological parameters, make the Northeast Atlantic minke whale 
an ideal species for quantifying whale impacts on dissolved nutrient 

pools. 
The primary objective of this study was to quantify the concentration 

of macro and micronutrients in minke whale faeces collected directly 
from animals during the Norwegian commercial minke-whale hunt in 
the waters around the Svalbard Archipelago. By combining nutrient 
concentration data with available whale abundance, prey-consumption 
and prey-assimilation estimates, we further aimed to determine the daily 
amount of nutrients released by minke whales in the region and assess 
the significance of these nutrient loads to regional primary production. 

2. Methods 

2.1. Field sampling 

Faecal samples were collected from minke whales (n = 31) onboard a 
commercial whaling vessel operating off Svalbard, Norway in August 
2019 (Fig. 1, Table 1). Immediately after capture, whales were taken 
onboard for dissection and biological sampling. Total body length was 
measured in a straight line from the tip of the upper jaw to the apex of 
the tail fluke notch. Faeces samples, with approximately 10 to 15 ml, 
were collected from the whale rectum using plastic teaspoons. Sampling 
of this amount of faeces did not require dissection in most cases, which 
was advantageous to avoid meat contamination. Samples were stored at 
− 20 ◦C until analyses. Forestomach contents were visually inspected, 
identified to species or species group and recorded as presence data, i.e., 
with no quantitative measurements of prey number or biomass 
(Table 1). 

2.2. Nutrient analyses 

In order to quantify the concentration of macronutrients (N and P) 
and micronutrients in minke whale faeces, faeces samples were freeze 
dried for 72 h at − 80 ◦C, homogenised with a pestle and mortar into a 
fine powder and stored at room temperature. 

Freeze dried aliquots were weighed and a subsample of 1–2 mg was 
used to measure the concentration of N using an automated rapid 
MICRO N cube elemental analyser (range 0,001–0,200 mg N). The 

Fig. 1. Map of the study area, showing the locations where minke whales were sampled in August 2019, and the extent of the small management area (SMA) of 
Svalbard (ES) and its subareas (ES1 to ES4). 
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concentration of P was measured together with the concentration of 
calcium (Ca), Sodium (Na), potassium (K) and Magnesium (Mg), using a 
0.2 g subsample of the freeze-dried material. Concentrations were 
determined by inductively coupled plasma-mass spectrometry (iCapQ 
ICP-MS, ThermoFisher Scientific, Waltham, MA, USA) equipped with an 
auto-sampler (FAST SC-4Q DX, Elemental Scientific, Omaha, NE, USA), 
after wet digestion in a microwave oven (UltraWave, Milestone, Sor
isole, Italy), as described by Julshamn et al. (2019). Detailed procedures 
and measurement ranges are described in Reksten et al. (2020). Finally, 
a separate subsample of 0.2 g was used to determine the concentration of 
micronutrients and other trace elements, using inductively coupled 
plasma-mass spectrometry, as described in Reksten et al. (2020). Ana
lysed trace elements included: chromium (Cr), manganese (Mn), iron 
(Fe), cobalt (Co), Nickel (Ni), copper (Cu), zinc (Zn), cadmium (Cd), 
vanadium (V), arsenic (As), selenium (Se), molybdenum (Mo), silver 
(Ag), mercury (Hg) and lead (Pb). Note that several trace elements, such 
Zn, Cu, Fe, Mg, Cd, Se, Co and Mo, are considered micronutrients, as 
they are essential for plants and animals, while other trace elements are 
suspected but not unequivocally proven to be essential (Boyd, 2015). 
The term trace element includes thus essential trace elements (micro
nutrients) and non-essential trace elements. 

2.3. Total amount of nutrients recycled through faeces 

The total amount of macronutrients and trace elements excreted by 
minke whales via faeces was estimated from nutrient concentrations in 
whale faeces. Considering Z as a given nutrient, the total amount of Z 
defecated (Zd) by minke whales per day (kg/d-1) was estimated as: 

Zd = Zc Td (1) 

where Zc is the concentration of Z in whale faeces (mg kg− 1 dry 
weight) and Td is the total amount of faeces defecated by minke whales 
(kg dry weight d-1). Td was estimated from food consumption. Minke 
whales in the study area feed primarily on herring (Clupea harengus), 

krill (Thysanoessa sp. and Meganyctiphanes norvegica) and capelin (Mal
lotus villosus), and to a lesser degree on cod (Gadus mohrua), haddock 
(Melanogrammus aeglefinus) and other Gadidae fish (Haug et al., 2002; 
Sivertsen et al., 2006; Windsland et al., 2007; Bogstad et al., 2015). 
When feeding on these prey, the proportion of dry matter assimilated by 
minke whales is 80 ± 5 % of the dry matter consumed (Nordøy et al., 
1993). We have thus considered that 20 % of the dry weight of prey 
biomass consumed (Qdry weight) is ultimately defecated: 

Td = 0.2 Qdry weight (2) 

We have considered that the proportion dry matter in herring, krill 
and capelin during summer is 25 ± 4 %, based on the range of values 
reported in the literature (Mcgurk et al., 1980, Montevecchi and Piatt, 
1984; Bragadóttir et al., 2002; Kim et al., 2014). This implies that the 
estimated daily consumption in terms of dry weight Qdry weight is: 

Qdry weight = 0.25 Qwet weight (3) 

and therefore, 

Td = 0.2 × 0.25 Qwet weight (4) 

Formula (1), can be thus rewritten as: 

Zd = Zc × 0.2 × 0.25 Qwet weight (5) 

Where Qwet weight is the prey biomass consumption for minke whales 
(kg d-1). Qwet weight was obtained from Skern-Mauritzen et al. (2022). 
These authors estimated a total consumption of 1.666 million tonnes (t) 
for a population of 47 295 minke whales foraging during 6 months in the 
Barents Sea, considering that 10 % of them remained in that area 
throughout the winter. This gives an average daily consumption (Qwet 

weight) of 178 kg per whale (Table 2). The total daily amount of nutrient Z 
defecated by the entire population of minke whales during summer in 
the SMA of Svalbard was estimated as: 

Zdn = Zd N (6) 

Table 1 
Summary records for 31 minke whales sampled off the Svalbard Archipelago in August 2019. Individuals over 7 m were considered adults and otherwise juveniles 
(Christensen 1981).  

Whale ID Date Latitude Longitude Sex Body length (m) Maturity Diet 

K 67 05.08.2019 77.350 11.467 Female 9 1 Adult Capelin 
K 68 05.08.2019 77.133 12.350 Female 8.4 Adult Capelin 
K 69 06.08.2019 76.133 16.467 Male 6.8 Juvenile Capelin 
K 70 10.08.2019 75.300 24.533 Female 7.4 Adult Capelin 
K 71 10.08.2019 74.983 23.833 Male 7.8 Adult Capelin 
K 72 11.08.2019 74.417 23.667 Male 8.4 Adult Capelin 
K 73 11.08.2019 74.467 22.150 Male 8.1 Adult Capelin 
K 74 12.08.2019 74.650 22.000 Female 6.1 Juvenile Capelin 
K 75 12.08.2019 74.650 21.983 Male 8.1 Adult Capelin 
K 76 12.08.2019 74.667 22.033 Male 7.7 Adult Capelin + Gadidae 
K 77 12.08.2019 74.650 22.167 Male 7.8 Adult Capelin 
K 79 13.08.2019 74.667 22.267 Male 8.1 Adult Capelin 
K 80 13.08.2019 74.667 22.250 Male 7.9 Adult Capelin 
K 81 15.08.2019 74.383 22.450 Male 8.0 Adult Capelin 
K 82 16.08.2019 74.450 22.650 Male 7.5 Adult Capelin 
K 83 16.08.2019 74.383 22.700 Male 8.0 Adult Capelin 
K 84 16.08.2019 74.367 22.750 Male 8.0 Adult Capelin 
K 85 17.08.2019 74.400 22.783 Female 8.6 Adult Capelin 
K 86 17.08.2019 74.400 22.800 Male 7.5 Adult Capelin 
K 87 17.08.2019 74.400 22.883 Female 8.5 Adult Capelin 
K 88 18.08.2019 74.400 22.783 Female 8.2 Adult Capelin 
K 89 18.08.2019 74.383 22.783 Female 7.8 Adult Capelin 
K 90 20.08.2019 74.383 22.533 Female 7.4 Adult Capelin 
K 91 20.08.2019 74.383 22.517 Male 7.2 Adult Capelin 
K 92 21.08.2019 74.333 22.217 Male 7.6 Adult Capelin 
K 93 21.08.2019 74.333 22.217 Female 6.1 Juvenile Capelin 
K 94 21.08.2019 74.333 22.283 Female 5.9 Juvenile Capelin 
K 97 22.08.2019 74.500 21.917 Female 7.4 Adult Capelin 
K 98 22.08.2019 74.550 21.883 Male 8.1 Adult Capelin 
K 100 23.08.2019 74.583 18.267 Male 7.9 Adult Capelin 
K 101 24.08.2019 74.850 18.367 Female 8.5 Adult Capelin  
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Where N is the current abundance estimate, i.e. 15, 693 (CV 0.19) 
individuals in the SMA of Svalbard (Solvang et al., 2021). 

2.4. Significance of nutrient-rich defecation to primary production 

Phytoplankton incorporate nutrients at a ratio that varies substan
tially between different species and environmental conditions, but on 
average occurs at a molar rate of 106 C : 16 N : 1 P : 0.0075 Fe 
throughout the ocean (Bristow et al., 2017). Using the estimated amount 
of nutrients released through faeces Zdn, and assuming that all faecal 
nutrients remain in the euphotic zone, we applied these C:N:P:Fe stoi
chiometric relationships to estimate the significance of excreted nutri
ents to primary production in the ES area, expressed as carbon biomass. 
As a back-to-envelope exercise, we compared minke-whale induced 
primary production in the subarea ES1 with daily primary production 
estimates from the Barents Sea (Luchetta et al., 2000; Downes et al., 
2021). Daily net primary production, was considered to range from 0.04 
to 0.69 g C m-2 d-1, depending on the phytoplankton bloom situation 
(Luchetta et al., 2000; Downes et al., 2021). Minke whale abundance in 
the subarea ES1 was considered to be 8, 471 individuals in a survey area 
of 164, 150 km2 in 2019 (Solvang et al., 2021). For comparison, the 
2014 minke whale abundance of 11,088 individuals in a survey area of 
175, 488 km2 (Solvang et al., 2021) was also considered. 

2.5. Uncertainty and sensitivity analysis 

Uncertainty and sensitivity analyses were performed to evaluate the 
impact of model variable in the estimated amount of nutrients excreted 
by minke whales Zdn. Because the impact of Zdn on primary production 
was directly estimated by applying the C:N:P:Fe stoichiometric re
lationships, uncertainty and sensitivity analyses are also applicable to 
primary production estimates. First, a uncertainty analysis was used to 
determine the impact of each input variable in the Zdn model variance. 
Using R software (R Core Team, 2020) and a framework adapted from 
Bejarano et al. (2017), all input variables obtained from the literature 

(Qwet weight, Propdmp, Propass and N) were set to their means, while 
randomly resampling 10,000 times one of the variables from their 
respective sampling distributions, one variable at a time. Qwet weight, 
Propdmp, Propass were assumed to follow a gaussian distribution, with 
mean and standard deviation (Table 2). Population size, N, was assumed 
to follow a lognormal distribution and was resampled based on their 
mean and coefficient of variation (Table 2). Nutrient concentrations 
(Zc), measured in this study, were allowed to vary in all models, based on 
their mean and standard deviation. Comparisons of model output vari
ance from uncertainty analyses were made relative to the original model 
(i.e., all input variables at their mean and variance in Zc). A sensitivity 
analysis was also performed to assess the sensitivity of model outputs to 
changes in each input variable. Input variables were initially set to their 
means and allowed to increase or decrease by 10 % of this mean value, 
one variable at a time. Comparisons of model outputs from sensitivity 
analyses were made relative to the original model (i.e., all variables set 
to its mean). 

3. Results 

3.1. Sampled individuals 

A total of 31 minke whales were sampled, 13 females and 18 males, 
ranging in size from 5.9 and 9.1 m (Table 1). Most individuals (n = 27) 
were adults, i.e., over 7 m (Christensen 1981), while 4 were juveniles 
(Table 1). Forestomach contents revealed that all individuals had 
foraged on capelin, except one whale which had consumed both capelin 
and gadoid fish (Table 1). 

3.2. Faecal nutrient concentrations 

Minke whale faeces comprised 20.7 ± 4.2 % dry matter (Table 3). 
The average concentration of N in minke whale faeces was 50.1 ± 10.3 
g kg− 1 dry weight (Fig. 2, Table 3), which corresponds to 10.4 ± 2.9 g 
kg− 1 wet weight (Table 3). Average P concentration in minke whale 

Table 2 
Parameters used to estimate the amount of nutrients excreted by minke whales in the small management area of Svalbard (ES). Abbreviations: sd = standard deviation, 
CV = coefficient of variation.  

Symbol Parameter Estimate Variation Source 

Qwet weight Prey consumption per individual per 
day (kg) 

178 sd = 40 Estimate: Skern-Mauritzen et al. (2022); 
sd: assumed based on 95 % CI from Skern-Mauritzen et al. (2022)  

Propass Proportion dry matter assimilated  0.8 sd = 0.05 Nordøy et al. 1993 

Propdmp Proportion dry matter in prey 0.25 sd = 0.04 Estimate and sd based on the range of values provided by Mcgurk et al. 1980, Montevecchi 
and Piatt 1984, Bragadóttir et al. 2002 and Kim et al. 2014  

Qdry weight Prey consumption (dry matter) per 
individual per day (Kg) 

44.5  0.25 Qwet weight      

Td Dry matter defecated per individual per 
day (kg) 

8.9  0.2 Qdry weight  

0.2 × 0.25 Qwet weight      

Zc Concentration of nutrient Z in faecal dry 
matter (mg Kg− 1) 

See 
results  

This study      

Zd Total Z defecated per individual per day 
(Kg) 

See 
results  

Zc Td      

N Minke whale abundance:     
ES area, 2019 15,693 CV = 0.19 Solvang et al. 2021  
ES1 subarea, 2019 8,471 CV = 0.22 Solvang et al. 2021  
ES1 subarea, 2014 11,088 CV = 0.22 Solvang et al. 2021      

Zdn Total Z defecated by all whales per day 
(Kg) 

See 
results  

Zd N  
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faeces was 70.9 ± 12.1 g kg− 1 dry weight (Fig. 2, Table 3) and 14.9 ±
3.9 g kg− 1 in terms of wet weight (Table 3). Among trace elements, Zn, 
Fe, Mn and Cu showed the highest concentrations, respectively, 558 ±
104, 498 ± 119, 34 ± 10.3 and 34.3 ± 24.6 mg kg− 1 dry weight (Fig. 2, 
Table 4). All other trace elements were present in whale faeces, but at 
lower concentrations (Fig. 2, Table 4). The average concentration of Ca, 
Na, K, Na and Mg in minke-whale faeces was 97.9, 14.5, 6.7 and 19.8 g 
kg− 1 of dry matter, respectively (Table 4). 

3.3. Total amount of nutrients defecated 

Individual minke whales with an average daily prey consumption of 
178 kg are expected to defecate 8.9 kg dry matter each day (Table 2). 
This corresponds to 43 kg faecal wet matter, or 24 % of prey wet weight 
consumed. The estimated amount of N defecated by individual minke 
whales was 445 ± 92 g d-1, while the entire population was estimated to 
defecate 7 ± 1.4 t N d-1 in the Svalbard SMA during summer (Table 5). 
The amount of P defecated by individual minke whales was estimated to 
be 631 ± 108 g d-1, corresponding to an excretion of 9.9 ± 1.7 t d-1 by all 
individuals in the region (Table 5). Further, the population of minke 
whales in the Svalbard SMA was estimated to release daily 78 ± 15 kg 
Zn, 68 ± 17 kg Fe, 5 ± 1.4 kg Mn and 5 ± 3.4 kg Cu, in addition to lower 
amounts of other trace elements (Table 5). Moreover, minke whales are 
expected to daily defecate over 13 t Ca, 2 t Na, 0.9 t K and 2.7 t Mg off 
Svalbard during summer (Table 5). 

3.4. Importance of faecal nutrients to primary production 

While the molar ratio of N:P:Fe in phytoplankton is on average 
16:1:0.0075, the ratio of N:P:Fe in minke whale faeces was 1.6:1:0.0038, 
meaning that N and Fe were proportionately limited in the faecal nu
trients fraction.. If no other nutrients are limiting, the estimated release 
of P has the potential to generate a net primary production of 407 ± 70 t 
C per day in the SMA of Svalbard (ES) and approximately 220 t C d-1 in 
the subarea ES1 (Table 6). This corresponds to approximately 0.2 to 4 % 
of daily primary production in the region, depending on phytoplankton 
bloom condition (Table 6). 

3.5. Uncertainty and sensitivity analysis 

Uncertainty analysis of the effect of input variables on the estimated 
daily amount of nutrients excreted by minke whales is presented in 
Fig. 3. Estimates with input variables with assigned sampling distribu
tions indicated that the proportion dry matter assimilated by minke 
whales (Propass) had the highest effect on model variance (Fig. 3). 
Likewise, sensitivity analyses showed that when annual estimates were 
made based on ± 10 % changes of individual input variables, the 
greatest changes were also associated with Propass. A 10 % change in this 
variable (i.e., from 0.8 to 0.88 and 0.72) had an inflating effect on results 
(40 %). Changes in all other variables influenced results proportional to 
their magnitude of change, i.e., 10 % (Fig. 3). Prey consumption esti
mates, with its relatively large standard deviation (Table 2), had the 
second highest impact on model variance (Fig. 3). 

Table 3 
Percentage dry matter and concentration of nitrogen (N) and phosphorus (P) in 
minke whale faeces collected during commercial whaling off Svalbard, Norway. 
Values are given in g kg− 1 of dry weight (dw) and wet weight (ww).  

Whale 
ID 

% dry 
matter 

N P 

(g kg− 1 

dw) 
(g kg− 1 

ww) 
(g kg− 1 

dw) 
(g kg− 1 

ww) 

K 67  20.5  45.0  9.2 73.3 15.0 
K 68  24.6  46.4  11.4 81.3 20.0 
K 69  22.5  40.4  9.1 84.4 19.0 
K 70  19.8  41.4  8.2 85.9 17.0 
K 71  14.2  42.8  6.1 77.3 11.0 
K 72  21.2  38.6  8.2 85.0 18.0 
K 73  16.7  60.0  10.0 66.0 11.0 
K 74  15.1  47.1  7.1 79.3 12.0 
K 75  17.7  44.3  7.8 73.4 13.0 
K 76  19.3  60.4  11.7 67.2 13.0 
K 77  18.4  53.7  9.9 70.8 13.0 
K 79  13.6  48.5  6.6 * * 
K 80  22.0  57.3  12.6 59.0 13.0 
K 81  21.3  71.2  15.2 37.1 7.9 
K 82  23.9  59.0  14.1 71.1 17.0 
K 83  23.5  36.2  8.5 93.7 22.0 
K 84  17.9  61.1  10.9 67.2 12.0 
K 85  24.7  58.2  14.4 64.9 16.0 
K 86  22.0  42.6  9.4 68.1 15.0 
K 87  28.8  57.5  16.6 69.3 20.0 
K 88  16.7  40.1  6.7 83.9 14.0 
K 89  26.9  45.7  12.3 70.7 19.0 
K 90  22.1  48.1  10.6 68.0 15.0 
K 91  22.6  52.3  11.8 62.0 14.0 
K 92  23.1  46.9  10.8 73.7 17.0 
K 93  19.4  82.1  15.9 38.7 7.5 
K 94  26.9  39.0  10.5 70.6 19.0 
K 97  17.1  41.6  7.1 * * 
K 98  16.6  55.1  9.1 66.3 11.0 
K 100  14.2  41.2  5.9 70.3 10.0 
K 101  27.9  49.2  13.7 78.9 22.0 

Mean  20.7  50.1  10.4 70.9 14.9 
Sd  4.2  10.3  2.9 12.1 3.9 

* Not enough sample to measure P. 

Fig. 2. Concentration of macronutrients and trace elements in minke whale faeces (mean ± standard deviation). Number of samples included in the means was 29 
for P and 31 for all other elements. Abbreviations: N = nitrogen, P = phosphorus, Ag = silver, As = arsenic, Cd = cadmium, Co = cobalt, Cr = chromium, Cu =
copper, Fe = iron, Hg = mercury, Mn = manganese, Mo = molybdenum, Ni = nickel, Pb = lead, Se = selenium, V = vanadium, Zn = zinc. 
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4. Discussion 

There is growing interest in assessing the contribution of whales to 
nutrient recycling in surface waters (e.g. Lavery et al. 2010, Nicol et al. 
2010, Roman and McCarthy 2010, Ratnarajah et al. 2014, Ratnarajah 
et al. 2018, Savoca et al. 2021). However, uncertainties on several model 
parameters have impeded progress in obtaining robust quantifications of 
this contribution (Ratnarajah et al., 2016). This study has overcome the 
challenges associated with getting reliable estimations of elemental 
nutrients from whale faeces, by measuring nutrient concentration in 
faecal matter prior to their release and dissolution in seawater. This 
enabled to estimate the amount of macro and micronutrients released by 
minke whales in the Svalbard study area. Despite the considerable 
number of samples (n = 31), all were collected from whales feeding on 
capelin during summer. Additional research is needed to investigate 
how excreted nutrients vary seasonally and with diet. The potential 
impact of excreted nutrients on summer primary production is discussed 
below. 

4.1. Methodology 

Whales sampled in our study were healthy animals taken in the 
Norwegian whaling. Commercial whaling in Norway is regulated ac
cording to procedures developed by the International Whaling Com
mission (IWC) to ensure that the activity is sustainable in terms of 
population size (Skaug et al., 2004; Haug et al., 2011; Glover et al., 

Table 4 
Trace element concentration (mg kg− 1 dry weight) in minke whale faeces collected during commercial whaling off Svalbard Archipelago, Norway. Abbreviations: Ag 
= silver, As = arsenic, Cd = cadmium, Co = cobalt, Cr = chromium, Cu = copper, Fe = iron, Hg = mercury, Mn = manganese, Mo = molybdenum, Ni = nickel, Pb =
lead, Se = selenium, V = vanadium, Zn = zinc. Elemental concentration of calcium (Ca), Sodium (Na), potassium (K) and Magnesium (Mg) is also provided.  

Whale ID Ag As Cd Co Cr Cu Fe Hg Mn Mo Ni Pb Se V Zn Ca Na K Mg 

K 67  0.2  8.8  5.4  0.2  0.1  45.5 587  0.6  26.4  0.4  1.1  0.1  6.4  1.6 469 102,639 11,730 5,865 23,949 
K 68  0.2  8.1  4.1  0.3  0.1  29.3 610  1.1  34.2  0.5  1.1  0.1  6.1  1.8 569 113,867 12,607 6,913 22,367 
K 69  0.2  11.1  4.1  0.4  0.1  30.6 844  0.3  43.5  0.3  1.3  0.1  7.1  2.1 666 128,774 13,321 4,885 22,647 
K 70  0.3  11.6  5.0  0.3  0.1  30.3 480  0.2  46.5  0.5  1.4  0.1  6.6  2.8 657 121,273 14,654 3,386 20,212 
K 71  0.2  9.8  4.3  0.3  0.1  22.5 513  0.3  33.0  0.4  1.3  0.1  6.5  2.1 618 112,439 23,893 4,989 18,271 
K 72  0.3  7.6  5.2  0.3  0.1  41.6 614  0.3  43.5  0.5  1.6  0.1  6.1  2.2 803 118,092 21,256 4,062 23,146 
K 73  0.1  7.2  2.9  0.2  0.1  18.0 492  0.1  37.2  0.3  0.7  0.1  5.3  1.9 534 89,982 17,397 10,798 16,197 
K 74  0.3  9.9  5.4  0.3  0.1  43.6 456  0.7  44.3  0.5  1.0  0.1  6.6  2.8 727 105,680 20,476 5,482 17,173 
K 75  0.2  10.7  4.6  0.2  0.1  26.0 429  0.2  33.9  0.6  1.0  0.1  5.6  2.0 525 95,991 14,116 3,727 28,233 
K 76  0.2  8.3  2.5  0.3  0.1  46.0 424  0.7  25.9  0.5  0.9  0.1  5.7  1.9 491 93,071 12,927 7,239 16,546 
K 77  0.2  8.7  2.3  0.2  0.1  21.3 496  0.2  33.8  0.4  0.7  0.1  5.4  2.3 545 103,542 16,349 8,174 16,894 
K 79  0.2  7.0  3.8  0.2  0.1  33.2 369  0.3  33.2  0.4  0.6  0.1  5.5  1.3 501 * * * * 
K 80  0.2  8.2  2.9  0.2  0.1  32.7 377  0.3  23.1  0.5  0.8  0.1  5.9  1.7 454 81,670 9,982 10,436 15,880 
K 81  0.1  5.2  1.2  0.1  0.0  22.5 235  0.5  12.2  0.3  0.4  0.0  4.7  0.9 296 46,970 15,031 8,924 8,924 
K 82  0.2  7.9  2.7  0.3  0.2  25.5 669  0.3  28.0  0.4  1.2  0.1  6.3  2.3 460 100,334 13,378 7,525 18,395 
K 83  0.2  9.8  4.1  0.3  0.1  30.2 639  0.3  40.0  0.5  0.7  0.1  6.4  2.7 681 131,971 14,900 3,065 26,394 
K 84  0.2  8.4  2.3  0.3  0.1  22.4 470  0.4  24.1  0.4  1.1  0.1  6.7  2.0 476 83,940 14,550 9,513 18,467 
K 85  0.2  7.3  2.7  0.2  0.1  28.4 406  0.4  32.0  0.4  0.9  0.1  6.1  2.1 527 89,213 11,760 7,705 19,870 
K 86  0.2  12.7  2.9  0.3  0.1  35.4 544  0.2  31.8  0.5  1.2  0.1  6.4  2.8 590 104,356 12,704 6,806 14,065 
K 87  0.2  8.7  3.3  0.2  0.2  32.9 555  0.2  34.7  0.5  1.0  0.1  6.6  2.7 624 97,087 8,669 7,975 17,337 
K 88  0.2  10.2  2.9  0.3  0.2  26.4 545  0.4  41.3  0.5  1.7  0.1  5.9  3.2 599 119,832 18,574 4,074 22,169 
K 89  0.2  10.8  3.2  0.3  0.2  30.1 558  0.5  33.1  0.5  1.4  0.1  6.0  2.4 595 93,006 12,277 7,068 18,229 
K 90  0.2  8.6  3.5  0.2  0.1  31.7 499  0.2  63.5  0.3  1.0  0.1  6.8  2.2 635 90,703 15,873 6,349 21,315 
K 91  0.2  10.6  4.4  0.3  0.2  28.4 430  0.2  34.1  0.6  1.1  0.1  5.8  1.9 576 84,183 7,975 6,203 18,166 
K 92  0.2  7.8  3.8  0.2  0.1  30.8 563  0.3  38.1  0.5  0.9  0.1  6.1  2.2 607 103,986 11,265 5,633 20,797 
K 93  0.2  4.7  1.9  0.1  0.1  23.2 454  0.2  15.5  0.3  0.6  0.0  6.2  1.1 340 50,026 13,409 11,862 9,283 
K 94  0.1  9.7  2.6  0.2  0.1  21.9 483  0.6  36.0  0.5  1.0  0.1  5.6  2.6 520 118,915 10,033 4,088 16,722 
K 97  0.2  7.6  3.0  0.2  0.1  29.2 362  0.2  28.6  0.5  0.8  0.1  5.4  2.1 560 * * * * 
K 98  0.2  7.2  2.4  0.2  0.0  27.7 362  0.3  18.1  0.4  0.7  0.0  5.7  1.7 446 84,388 16,275 9,644 22,303 
K 100  0.5  7.7  3.7  0.7  0.2  161.6 309  0.5  50.6  0.8  2.6  0.1  8.4  1.2 597 84,329 26,001 6,465 28,110 
K 101  0.2  7.5  4.7  0.2  0.0  35.5 395  0.4  34.1  0.6  0.8  0.1  6.8  0.9 610 89,670 9,326 6,098 30,846 

Mean  0.2  8.7  3.5  0.3  0.1  34.3 489  0.4  34.0  0.5  1.0  0.1  6.1  2.1 558 97,929 14,507 6,723 19,755 
Sd  0.1  1.8  1.1  0.1  0.0  24.6 119  0.2  10.3  0.1  0.4  0.0  0.7  0.6 104 19,698 4,323 2,306 5,024 

* Not enough sample to measure these elements. 

Table 5 
Estimated daily amount of macronutrient (N, P) and trace elements defecated by 
minke whales in the small management area (SMA) of Svalbard. Values are given 
by individual and for the current population of 15,693 individuals that forage 
during summer in this region.   

Per individual (g d-1) All population (kg d-1) 

Element Mean Sd Mean Sd 

N  445.467  91.675  6,990.721  1,438.657 
P  630.853  107.939  9,899.978  1,693.882 
V  0.018  0.005  0.286  0.080 
Cr  0.001  0.000  0.014  0.006 
Mn  0.302  0.092  4.746  1.441 
Fe  4.350  1.063  68.272  16.676 
Co  0.002  0.001  0.037  0.013 
Ni  0.009  0.004  0.145  0.058 
Cu  0.305  0.219  4.791  3.438 
Zn  4.963  0.927  77.877  14.542 
As  0.077  0.016  1.213  0.247 
Se  0.055  0.006  0.858  0.095 
Mo  0.004  0.001  0.065  0.014 
Ag  0.002  0.001  0.028  0.010 
Cd  0.031  0.010  0.485  0.150 
Pb  0.001  0.000  0.010  0.003 
Ca  870.851  175.172  13,666.268  2,748.978 
Na  129.008  38.446  2,024.518  603.335 
K  59.782  20.509  938.152  321.842 
Mg  175.679  44.681  2,756.936  701.183  
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2012). Contrary to faeces collected from the sea following defecation, 
samples collected directly from whales allowed us to obtain the actual 
nutrient concentration of minke whale faeces. 

Estimating the total amount of nutrients egested by whales depends 
on a number of parameters, such as population size estimates, prey 
consumption and prey assimilation rates. Population size estimates are 
absent in many regions due to logistical and financial limitations. In the 
Northeast Atlantic high-latitude summer feeding grounds (i.e., North, 

Norwegian, Greenland and Barents Seas), minke-whale abundance sur
veys are undertaken each year, covering subsets of the region, so that the 
entire area is covered every-six years. This study used the most updated 
population size estimates, i.e., for the period 2014–2019, which shows 
an overall increase in minke whale abundance, though abundance in the 
Svalbard area has stabilised over the last surveys periods (Solvang et al., 
2021). 

Another key parameter when estimating nutrient excretion from 

Table 6 
Daily primary production (PP) in the subarea ES1, located south of Svalbard in the Barents Sea, and potential primary production from phosphorus (P) excreted by 
minke whales (PPWhale). Two minke whale abundance scenarios are considered, based on the 2014 and 2019 abundance surveys (Solvang et al. 2021). Daily estimates 
consider two phytoplankton bloom conditions, based on the data provided by Luchetta et al. (2000), and Downes et al. (2021).  

PP condition Daily PP (g C 
m-2 d-1) 

Reference Whale survey 
year 

Whale 
abundance 

Survey area 
(km2) 

PP survey area (t 
C d-1) 

P defecated (t 
d-1) 

PPWhale (t C 
d-1) 

% of 
PP 

Min (no 
bloom)  

0.08 Luchetta et al. 
2000 

2019 8,471 164,150 13,132  5.3 220  1.7 

Min (no 
bloom)  

0.04 Downes et al. 
2021 

2019 8,471 164,150 6,730  5.3 220  3.3 

Max (bloom)  0.69 Luchetta et al. 
2000 

2019 8,471 164,150 113,264  5.3 220  0.2 

Max (bloom)  0.66 Downes et al. 
2021 

2019 8,471 164,150 108,339  5.3 220  0.2 

Min (no 
bloom)  

0.08 Luchetta et al. 
2000 

2014 11,088 175,488 14,039  7.0 288  2.0 

Min (no 
bloom)  

0.04 Downes et al. 
2021 

2014 11,088 175,488 7,195  7.0 288  4.0 

Max (bloom)  0.69 Luchetta et al. 
2000 

2014 11,088 175,488 121,087  7.0 288  0.2 

Max (bloom)  0.66 Downes et al. 
2021 

2014 11,088 175,488 115,822  7.0 288  0.2  

Fig. 3. Results of the uncertainty (top) and sensitivity (bottom) analyses, illustrating the influence of model variables on the estimated daily amount of nutrients 
excreted by minke whales off Svalbard. 
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whales is prey consumption rates. To date, prey consumption of large 
whale species, including the estimates used in this study, have been 
determined by bioenergetic models. A recent study that used high res
olution foraging measurements from tag deployments suggests that 
previous studies may have underestimated baleen whale prey con
sumption by threefold and more in some ecosystems (Savoca et al., 
2021). While these recent estimates are noteworthy, they are inconsis
tent with previous estimates of stomach capacity and digestive rates of 
cetaceans (Haug et al., 1997; Vikingsson, 1997). Furthermore, since 
estimates in Savoca et al. (2021) are based on short-term tag attach
ments (often in known feeding hotspots) it is uncertain how represen
tative these data are of the average consumption rates throughout an 
entire feeding season. 

A third key parameter, unknown for most whale species, is the 
assimilation rate of dry matter, i.e., the proportion of dry matter 
assimilated during digestion. Uncertainty and sensitivity analyses in this 
study indicate that this was the parameter that had the highest impact 
on the outcomes of the model. Assimilation rates of dry matter by minke 
whales are in the order of 80 ± 5 % when feeding on fish and krill 
(Nordøy et al., 1993). In comparison, the assimilation efficiency of dry 
matter by pinnipeds is slightly higher (81–94 %) when feeding on fish 
(Keiver et al. 1984, Ronald et al. 1984, Fadely et al. 1990, Lawson et al. 
1997a, Lawson et al. 1997b, Goodman-Lowe et al. 1999, Rosen and 
Trites 2000). On the other hand, seals seem to be less efficient than 
minke whales to digest krill (Mårtensson et al., 1994). This is probably 
because pinnipeds have a single stomach system, while minke whales 
and other baleen whales depend to a great extent on microbial 
fermentation in a multi-stomach system. Therefore, assimilation effi
ciencies of dry matter in other baleen whales are likely to be more 
similar to minke whales than to pinnipeds. Based on the findings from 
Nordøy et al. (1993) we considered that 20 ± 5 % of ingested dry 
matters was ultimately defecated by minke whales. Previous studies 
assuming that baleen whales excrete all ingested dry matter (Savoca 
et al., 2021), have most likely overestimated nutrient egestion 
substantially. 

Given the challenges associated with obtaining reliable nutrient 
concentrations in faeces collected from the sea, some studies have 
instead estimated nutrient egestion based on the concentration of nu
trients in prey and on assumed nutrient assimilation rates (e.g. Roman 
and McCarthy, 2010; Ratnarajah et al., 2016; Savoca et al., 2021). 
Nutrient assimilation rates are unknown for whales, while few data exist 
for pinnipeds. Care should be taken when assuming the same nutrient 
assimilation rates for whales as for terrestrial mammals. For example, 
marine mammals are expected to have a high Fe intake, as they have 
exceptionally high values of haemoglobin and myoglobin in comparison 
to terrestrial mammals (Ponganis, 2011). Assuming the same assimila
tion rates of Fe in whales as in humans and pigs (Ratnarajah et al., 2016; 
Savoca et al., 2021) may substantially affect the output of the estimates. 
We concur with the recommendations from Ratnarajah et al. (2016) that 
further research is needed to refine model parameters in nutrient eges
tion studies. 

4.2. Macronutrients 

Macronutrients are elements that phytoplankton require in high 
quantities for photosynthetic growth. As anticipated, the concentration 
of macronutrients N and P in minke whale faeces was larger than trace 
element micronutrients. Elemental P concentrations in our minke whale 
samples were higher than the concentration measured in humpback 
whales, and lower than in fin and blue whale faeces samples collected 
from the Southern Ocean (Ratnarajah et al., 2014). It is unclear whether 
differences may arise from differences among species, from distinct 
nutrient levels in different prey or from sampling methods (faeces 
collected directly from whales or indirectly from seawater). Faeces 
collected from seawater may be at different dissolution stages, as ele
ments may dissolve at different rates, and this may explain the large 

variations in N and P sometimes found between samples (Roman et al., 
2016). 

On average, phytoplankton use 16 times more N than P for a balanced 
cellular synthesis and growth. Contrary to expectations, the concentra
tion of N in whale faeces was lower than P. Instead of a molar ratio of N:P 
of 16:1, the ratio in minke whale faeces was 1.6:1, implying that N was 
proportionally limiting in faecal nutrients. However, relatively more N is 
excreted by mammals through urine, mainly in the form of urea (Wright, 
1995; Birukawa et al., 2005). Urea concentration in minke whale urine is 
two to four times higher than in cattle (Birukawa et al., 2005), but the 
relative proportion of urea excreted via urine vs faeces by minke whales 
and other baleen whales is unknown. Captive harp seals excrete 
approximately 6 % of ingested N via faeces and 78 % though urine (Keiver 
et al., 1984). Assuming the same for minke whales, i.e., that N excreted 
via urine is 13 times larger than in faeces, the N:P ratio would be 20:1, 
suggesting that N is not a limiting nutrient. Future analyses of minke- 
whale urine are needed to confirm the amount of N egested through 
urine. Silicate was the only macronutrient not quantified in this study. 
This macronutrient is important for diatom growth and can control the 
availability and distribution of these macroalgae (Yool and Tyrrell 2003). 
Silicate recycling via whale excretions is so far unknown. 

4.3. Trace elements 

Elemental Zn and Fe were the trace elements found at the highest 
concentrations in minke whale faeces and this is similar to what has 
been observed in faeces of other large whales in the Southern Ocean 
(Ratnarajah et al., 2014). However, Fe concentration in our samples 
(498 ± 119.5 mg kg− 1) was approximately-three times larger than the 
concentration measured in baleen whales in the Southern Ocean (Nicol 
et al., 2010; Ratnarajah et al., 2014). This might be because the Southern 
Ocean is an iron-limited ecosystem or because of differences in diet - 
baleen whales in the Southern Ocean feed mainly on krill while the 
studied minke whales had foraged on capelin. Again, differences may 
also be caused by sampling issues, as faecal samples in the Southern 
Ocean were collected from seawater (by conducting net-tows in surface 
waters following a defecation event). Partial dissolution of Fe and other 
nutrients may therefore have occurred instantly, and initial concentra
tions may not have been captured in these studies. An Fe solubility 
experiment, reported by Ratnarajah et al. (2017), did not cover Fe 
dissolution prior to sampling of faeces from the sea, but showed that Fe 
leaching was generally larger immediately after seawater had been 
added to the faeces slurry. Iron is an important nutrient for phyto
plankton growth and development. This nutrient is particularly limiting 
in the so-called high nitrate low chlorophyll (HNLC) regions, such as the 
Southern Ocean. Therefore, most studies of nutrient recycling by whale 
in the Southern Ocean have focused on this element (e.g. Nicol et al. 
2010, Ratnarajah et al. 2016, Ratnarajah et al. 2018, Savoca et al. 2021). 
Similar to whales, other marine taxa may also recycle Fe through 
excretion and it has been suggested that commercial fish harvesting has 
removed significant amounts of iron from the ocean (Moreno and Haffa 
2014). At the same time, iron availability can limit fish growth (Gal
braith et al. 2019), suggesting that Fe recycling via predator faeces is 
likely to have a positive cascading effect on higher trophic levels. The 
analysed minke whale faeces had an elemental P:Fe ratio of 1:0.0038, 
which is approximately half the average elemental ratio found in 
phytoplankton (1:0.0075), implying that elemental iron could still be 
limiting relative to the macronutrients released in surface waters of the 
Barents Sea during summer. 

Along with Fe, other essential trace elements, such as Cu, Co, Zn and 
Mn constitute important building blocks in phytoplankton cellular 
synthesis (Twining and Baines, 2013; Ratnarajah et al., 2014). In 
opposite, non-essential elements, such as Ag, Cd, Hg, Pb are potentially 
toxic elements for living organisms including phytoplankton (Boyd, 
2015), and were found in very low concentration in the analysed 
samples. 
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4.4. Significance to primary production 

The significance of whale-faeces nutrients to primary production was 
explored in this study. In case of no N limitation (i.e., enough N is 
excreted via urine), the release of P through minke-whale defecation has 
the potential to stimulate over 400 t of carbon per day as new or re
generated primary production in the SMA of Svalbard, and 220 t carbon 
per day in the ES1 subarea, in the north-western Barents Sea. Therefore, 
P enrichment from minke whales has the potential to contribute to 0.2 to 
4 % of daily primary production in the region. Taking into account that 
marine mammals in the Barents Sea consume four times as much prey as 
minke whales alone (Skern-Mauritzen et al. 2022), the overall contri
bution of marine mammals to Barents Sea primary production is 
potentially higher. Note that these estimates assume that recycled N and 
P remain in the euphotic zone and is used by phytoplankton and that 
further research is needed to verify these assumptions. 

Dissolved macronutrients within the euphotic zone in the Northeast 
Atlantic are typically at maximum concentrations prior to the annual 
spring bloom (e.g. Wassmann et al. 1999). During the spring bloom 
event, these nutrients are depleted and remain low during summer 
stratification (Olsen et al. 2003, Tuerena et al. 2021). Seasonal depletion 
of nutrients is not only local but can be observed in surface source waters 
extending far south of the SMA of Svalbard (Ibrahim et al. 2014). Sur
face macronutrient concentrations are therefore at a minimum during 
the minke whale feeding season (April-October) and hence, the input of 
N and P from whale faeces during this season is probably well-timed. 
Due to a tight coupling between mostly regenerated nutrient pools 
and the primary producers during the summer season (Kristiansen et al. 
1994) we may not see an increase from this activity in bulk nutrient 
measurements during this time. Therefore, bulk chlorophyll biomass 
may stay low, even during elevated primary production in summer, due 
to a continuing and efficient removal by zooplankton grazers during this 
time of the year (Eilertsen et al. 1989, Verity et al. 2002). 

Primary production is a mix of new production (based on new 
nutrient inputs to the euphotic zone) and regenerated production, 
whereby phytoplankton growth is supported by regenerated nutrients 
by zooplankton grazing and degradation of organic matter by hetero
trophic bacteria (Downes et al. 2021). Minke whale forage on species 
that occur both within and below the euphotic zone. Capelin, for 
instance, remain in bottom layers during the day and migrate to surface 
layers at night, particularly during spring and autumn (Gjøsæter 1998). 
Depending on foraging depths relative to the nutricline, minke whales 
may contribute to both new and recycled production. Prey captured 
below the nutricline contains nutrients that are already lost to surface 
waters and, as such, faecal matter released in surface waters is consid
ered a reintroduction and contribution to new production. This is con
trary to prey captured in surface waters and released as faecal matter 
within the nutricline, as this must be considered a source of nutrients to 
regenerated production. Source identification, and hence vertical loca
tion, of prey is therefore crucial in determining the proportion of faecal 
matter contributing to new and regenerated production in surface wa
ters. Comparatively to whales, fish are expected to be less effective in 
recycling nutrients in open water, as they excrete particulate N and P in 
faecal pallets that sink rapidly to depth (Saba et al. 2021). Anyway, the 
relative importance of whales and their prey to recycled nutrients needs 
further research. 

5. Conclusions 

This first assessment of nutrient contents in whale faeces prior to 
their dissolution in seawater, has overcome the challenges associated 
with getting reliable estimations of elemental nutrients from whale 
faeces. By combining measured faecal nutrient concentrations with the 
best available prey-consumption and prey-assimilation estimates, we 
calculated the expected contribution of minke whale faeces to nutrient 
pools in surface waters during summer. Additional contribution from 

minke-whale urine needs to be quantified. Several other research 
questions remain, namely how nutrient concentration in faeces vary 
seasonally and with prey type, and the fate of faecal and urine nutrients 
in seawater following excretion. Further research is therefore needed to 
better assess the full potential of whale nutrient additions to annual 
dissolved nutrient pools in surface waters at regional and global scales. 
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