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 8 
Vonnahme et al., conduct spring-time measurements in a tidewater glacier fjord and provide evidence 9 
that entrainment of subsurface-fjord waters by early season freshwater discharge is a measurable 10 
nutrient source to under-ice phytoplankton blooms which would otherwise be nutrient-limited at this 11 
time of year. The hypothesis and general idea is quite novel, supported by some in situ data as well as 12 
incubation studies, and I think it is an interesting addition to the field. I have no specific expertise in seaice 13 
or in the analysis of algae community composition- I defer to a more appropriate reviewer on these 14 
aspects. I do have quite a few comments throughout the text, but nevertheless found the discussion 15 
paper an interesting read suitable for the journal. Most of my comments are minor, or simply requests 16 
for a little more clarity. 17 
 18 
We want to thank the reviewer sincerely for the thorough and very helpful review. We addressed all 19 
comments as described below and believe that the changes improved the manuscript considerably. 20 
We used following font colors and highlighting for the changes: 21 

- Grey text: Reviewers comments 22 
- Black text: Our response 23 
- Red text: Text from the manuscript with the changes 24 
- Yellow highlights: Parts of the manuscript that we changed 25 

 26 
12 in some Arctic fjord systems, many don’t have this and some of the few available case studies don’t 27 
have high primary production. 28 
 29 
We agree that the current formulation is inadequate, since not all fjords have tidewater glaciers, and the 30 
primary production in these tidewater-influenced fjord is typically high compared to other summer 31 
systems, but not high compared to spring blooms. 32 
 33 
We did the following change: 34 
 35 
Subglacial upwelling of nutrient rich bottom water can sustain elevated summer primary production in 36 
tidewater glacier influenced fjord systems. 37 
 38 
25 You do briefly comment on this once, but considering the timescale required to get significant shifts 39 
in the groundling line of these glaciers, could you also think about trends in sea-ice loss as well. Could the 40 
timing of sea-ice loss from some of these fjords shift, or could sea-ice even completely disappear, before 41 
significant changes in grounding line are evident? 42 
 43 
We agree that sea-ice loss is certainly important and should be discussed together with the glacier 44 
retreat. 45 
 46 
We did following change in the abstract: 47 
 48 
We suggest that climate change caused retreat of tidewater glaciers could lead to decreased under-ice 49 
phytoplankton primary production, while sea ice algae production and biomass may become 50 
increasingly important, unless sea ice disappears before, in which case spring phytoplankton primary 51 
production may increase. 52 

We also added more details about sea-ice loss and changed in timing of the spring bloom due to earlier 53 
sea-ice break up, increased DOM and sediment inputs (brownification) to the discussion. 54 



35 “During summer” Here I think the reference you mean is a similar paper by the same author that 55 
deduces the ‘upwelling’ effect in summer has a measurable impact on silicic acid availability1, the paper 56 
cited is from the same area but concerns the spring bloom in the same fjord (which has some sea-ice 57 
cover in spring)2. I think you could be a little more precise here.  58 
 59 
We thank the reviewer for the comment and changed the reference accordingly. 60 
 61 
39 Is time not also important here? If you didn’t have any sediment close to the glacier front, the nature 62 
of the upwelling followed by outflow at the surface would surely lead to relatively low primary production 63 
at the glacier front anyway, because the freshly upwelled water is being laterally advected away from the 64 
front i.e. I assume you would never see the highest cell counts here even in the absence of high turbditity? 65 
Looking specifically at the system studied by Meire et al., the bloom also seems to peak a fair way 66 
downstream of the large glaciers, even though there isn’t much turbidity in the inner fjord. 67 
 68 
We agree that time and advection are also important here. While phytoplankton biomass increases 69 
towards a bloom, it is already advected away from the glacier front. 70 
 71 
We did following change (including suggestions by RW 2): 72 
 73 
Primary production is typically low in direct proximity to the glacier front (hundreds of meters to 74 
kilometres, Halbach et al., 2019) due to high sediment loads of the plumes absorbing light and thereby 75 
inhibit primary production close to the glacier front., but potentially also due to lateral advection (Meire 76 
et al., 2016ab; Halbach et al., 2019). 77 
 78 
46 I don’t think there’s a perception of no freshwater release from these systems overwinter, there are 79 
several papers demonstrating this (for a good recent Arctic example3), although I agree there is a big 80 
problem with bias in the distribution of data towards the peak meltwater season, and model discharge 81 
curves do I think include a little early/late season discharge comparable to that observed here4. I think a 82 
more accurate statement would be that whilst it’s known that a little discharge occurs early/late season 83 
there simply isn’t much data to quantify it. 84 
 85 
We agree that the formulation need clarification. There are indeed studies on the subglacial upwelling in 86 
winter and spring, but they are rare, compared to summer studies. 87 
 88 
We add the suggested references and did following change (including suggestions by RW 2): 89 
 90 
Due to the challenges of Arctic field work in early spring and the difficulties of locating such an outflow, 91 
only few studies investigated submarine discharge during that time window. The few studies available 92 
suggest overall little discharge (e.g. Fransson et al., 2020; Schaffer et al., 2020) compared to summer 93 
values. The limited amount of data makes the generalized quantification of subglacial outflow difficult. In 94 
addition, studies focusing on the potential impacts of the early spring discharge on sea ice and pelagic 95 
primary production are lacking. 96 
 97 
48 I think you should distinguish 3 sources here, as written icebergs and terminus melt, but also subglacial 98 
discharge at the grounding line 99 
 100 
We agree and did following change: 101 
 102 
In addition to subglacial discharge at the grounding line, tidewater glacier related upwelling mechanisms 103 
can also be caused by the melting of deep icebergs (Moon et al., 2018), or the melting of the glacier 104 
terminus in contact with warm seawater (Moon et al., 2018, Sutherland et al., 2019). 105 
51 in summer. (Reference?) 106 
We added the references by Moon et al. (2018) and Sutherland et al. (2014) 107 
 108 



Moon, T., Sutherland, D. A., Carroll, D., Felikson, D., Kehrl, L., and Straneo, F.: Subsurface iceberg melt 109 
key to Greenland fjord freshwater budget, Nat Geosci, 11(1), 49-54, https://org/10.1038/s41561-017-110 
0018-z, 2018. 111 

Sutherland, D. A., Straneo, F., & Pickart, R. S.: Characteristics and dynamics of two major Greenland 112 
glacial fjords, Journal of Geophysical Research: Oceans, 119(6), 3767-3791, 2014. 113 

61 “while at the same time entrapping considerably less light absorbing sediments” I’d be genuinely 114 
interested to know if you can provide data/refs to support this. I’m not sure we know what turbidity looks 115 
like in these sub-surface plumes and to what extent it represents particles from the ice melt/basal 116 
erosion, or resuspension, and how this changes through the year, although I would agree it would be 117 
expected to be low in this environment given the description of the fjord 118 
 119 
We agree that some support in form of references and data is helpful here. We added a short reference 120 
to a study at Hansbreen, another polythermal Svalbard tidewater glacier. The study monitored SPM 121 
throughout the year and found the lowest SPM value in winter and spring at a depth of about 5-10 m, 122 
which fits to our study. The origin is resuspension, as well as subglacial discharge.  123 
 124 
We added following detail to the introduction: 125 
 126 
Sediment inputs into the fjord during this time of the year are low with peaks deeper in the water column, 127 
indicating limited impacts on surface primary production (Moskalik et al., 2018).  128 
 129 
Moskalik, M., Ćwiąkała, J., Szczuciński, W., Dominiczak, A., Głowacki, O., Wojtysiak, K., and Zagórski, P: 130 
Spatiotemporal changes in the concentration and composition of suspended particulate matter in front 131 
of Hansbreen, a tidewater glacier in Svalbard, Oceanologia, 60(4), 446-463 2018. 132 
 133 
63 “this spring upwelling mechanism could be the primary mechanism to significantly increase primary 134 
production” does not read well, try “could be a mechanism via which primary production is increased in 135 
tidewater fjords compared to similar fjords without these glaciers: : :” or similar. 136 
 137 
We changed the text accordingly (including suggestions by RW 2): 138 
 139 
We suggest that in the absence of wind induced mixing, due to the seasonal presence of fast ice cover in 140 
spring, submarine discharge of glacial meltwater can directly (ion enrichment over the subglacial storage 141 
period) or indirectly (upwelling) be a significant source of inorganic nutrient increasing primary 142 
production in front of tidewater glaciers compared to similar fjords without these glaciers. Especially after 143 
nutrients supplied via winter mixing are incorporated into algal biomass (Leu et al. 2015) this additional 144 
nutrient source may become important. 145 
 146 
65 I think you need a reference here. Retreat may generally co-occur with shoaling of the grounding line, 147 
but not always, and there may also be an increase in discharge which could offset shoaling to some extent 148 
as entrainment also depends on freshwater discharge volume. Also, you comment on upwelling being 149 
eliminated, but wind-driven upwelling will remain, so maybe be a bit more precise. 150 
 151 
We clarified the statement in the following way and added a reference: 152 
 153 
Higher glacial melt rates and earlier runoffs may initially increase tidewater glacier induced upwelling, 154 
due to increased subglacial runoff (Amundson and Carroll, 2018). However, their retreat and 155 
transformation into shallower tidewater glacier termini may lead to less pronounced upwelling, unless 156 
the shallower grounding line is compensated by the increased runoff (Amundson and Carroll, 2018). 157 
Eventually, the tidewater glaciers transform into land terminating glaciers, where wind induced mixing 158 
is still possible, but subglacial upwelling is eliminated (Amundson and Carroll, 2018) – potentially 159 
reducing primary production. 160 

 161 
107 ‘shallow’ Do you know the approximate depth? 162 



 163 
We estimated the approximate depth based on bathymetric maps and added the information to the 164 
manuscript: 165 
 166 
The fjord is separated from Isfjorden, a larger fjord connected to the West Spitsbergen current, by a 167 
shallow approximately 30 to 40 m deep sill (Norwegian Polar Institute, 2020),… 168 
 169 
120 “were melted in 50 % vol/vol sterile filtered” Is there a reason for this? 170 
 171 
Sea ice is typically melted in in sterile filtered seawater to avoid osmotic shock and lysis of organisms in 172 
the ice. Microorganisms in the ice live mostly in brine channels with high salinity, while the frozen ice 173 
around is very fresh. Melting the ice around would lead to an overall very low salinity, leading to severe 174 
stress to the high-salinity adapted organism.  175 
 176 
We added following information: 177 
 178 
…were melted in 50 % vol/vol sterile filtered (0.2 µm Sterivex filter, Sigma-Aldrich, St. Louis, MO, USA) 179 
seawater to avoid osmotic shock of cells (Garrison and Buck 1986), … 180 
 181 
Garrison, D. L., and Buck, K. R.: Organism losses during ice melting: a serious bias in sea ice community 182 
studies, Polar Biol 6:237-239, 1986. 183 

 184 
131 One metre or 1 m 185 
 186 
Since it is the beginning if a sentence we changed it to “One metre”. 187 
 188 
140 Does the exact salinity you use for your inflowing seawater have a large impact on your calculations, 189 
can you state what the value of 34.6 refers to? Also, can you clarify to what extent small changes in this 190 
would matter (you may want to calculate the saline endmember uncertainty and propagate it? 191 
 192 
For the mixing calculations, we used initially the salinity of meltwater (0 PSU) and the bottom water at 193 
the glacier front. However, we realize that the average salinity of the well-mixed water column at the ice 194 
edge reference site with a salinity of 34.7 is better suited for the calculations. We changed the salinity 195 
and added the information where the value comes from and what the standard deviation is. Since the 196 
value of 34.7 as the bottom water endmember is very stable, variations would lead to <1% changes in the 197 
estimate of the calculations. 198 
 199 
We did following changes: 200 
 201 
The fraction of fjord water vs subglacial meltwater for the water samples was calculated assuming 202 
linear mixing (Equations 1-2) of the two water sources with different salinities (glacial meltwater salinity 203 
= 0 PSU, average seawater salinity at IE=34.7 ± 0.03 standard deviation), since no other water masses in 204 
regard to temperature or salinity signature were present (Table 1). The variability of the IE sea water 205 
salinity leads to a small ( 0.1 %) uncertainty in the estimated value of the relative contributions of sea 206 
water vs subglacial meltwater. 207 

197 What does ‘net haul’ refer to? -> Mentioned one paragraph above  208 
 209 
We gave details about the phytoplankton net hauls in line 181, but changed the term net haul to 210 
“phytoplankton net” for clarity. 211 
 212 
Change: 213 
 214 
For qualitative counting of algal communities, the phytoplankton net and bottom sea-ice samples 215 
 216 



285 “where NOX (10 _mol L-1) and silicate (19 _mol L-1) levels were exceptionally high (Fig. 4).” Am I right 217 
that this is basically driven by one data point? If so, how do you explain such high NOx concentrations? Is 218 
it possible that this value is an anomaly? And what are the implications of this? From your profile, and 219 
from the range of the other samples I guess that this is an outlier for both NOx and Si, with the NOx harder 220 
to explain from environmental processes. If this is an outlier, I think the calculations throughout need 221 
amending or flagging to reflect this, noting that there is a large difference depending on whether or not 222 
this data point is included. 223 
 224 
We agree that these exceptionally high values have to be treated carefully. We took great care during the 225 
nutrient analysis itself and the calibration of the auto-analyzer, and we have no indications on instrument 226 
caused errors in our data record. Local remineralization and dissolution of algae biomass at the sea ice-227 
water interface may provide part of the explanation, but other anomalies cannot be excluded since the 228 
values are indeed driven by only one sample with no correspondance or obvious source in the values 229 
below or above. Thus, we did not use this value for any mixing calculations or estimates, but used instead 230 
the value 1 m under the sea ice for all further calculations. The 1 m value is more consistent with the 231 
measurements in the water column below and sea ice above. Thus the exceptionally high values had been 232 
considered as outliers and not used in our estimates. 233 
 234 
We did following change: 235 
 236 
where NOX (10 µmol L-1) and silicate (19 µmol L-1) levels were exceptionally high (Fig. 4). As these values 237 
are driven by a single sample, we cannot exclude anomalies to be responsible for these high values.  238 
Wetherefor used the values measured 1 m under the sea ice for further calculations in this manuscript 239 
as surface water reference.  240 
 241 
291 “N:P ratios were generally highest: : :” Somewhere it would be interesting to comment on what drives 242 
this trend? Is it a source of N, or a sink/dilution of P? If saline water inflow dominated the N and P supply, 243 
would you expect such strong shifts? I suspect you need some sort of local process leading to a net 244 
accumulation of N or loss of P to get these ratios (you do comment on this for NH4 briefly), and whilst 245 
there are no other spring studies I can think of looking at this, I think a few papers have commented on 246 
some not particularly well explained P loss in similar environments in summer 5,6. 247 
 248 
We added a more thorough discussion of the N:P ratios, including the suggested reference in the 249 
following way: 250 

Ammonium regeneration and subsequent nitrification (Christman et al., 2011)  under the sea ice may 251 
explain the exceptionally high nitrate concentration of the UIW at SG, which can partially explain the 252 
high N:P ratios. In fact, bacterial activity was higher at SG potentially allowing higher ammonium 253 
recycling. Another explanation for the high N:P ratios and low phosphate concentrations could be 254 
phosphate scavenging by iron as discussed by Cantoni et al. (2020). 255 

300 (306) “Nutrient versus salinity profiles give indications of the endmembers (sources) of the nutrients 256 
(Fig. 5). A positive correlation for example would indicate conservative mixing (assuming high salinity 257 
Atlantic water endmember had higher concentrations than melt water). Biological uptake and 258 
remineralisation as well as physical processes, such as external inputs by meltwater could inverse or 259 
eliminate the correlation.”  260 
This isn’t quite right and needs a bit more clarity, you will find a lot of literature on this in marine chemistry 261 
or in a good textbook. In simple terms, a linear correlation shows conservative mixing, the absence of a 262 
non-linear correlation suggests non-conservative processes (although there are some subtleties to this, 263 
some physical factors can also lead to non-linearity). The gradient, not the strength of the correlation, 264 
indicates whether fresh, or saline, endmembers have a higher concentration, i.e. an increasing nutrient 265 
concentration with salinity (positive gradient) suggests saline inflow has higher nutrient concentrations, 266 
whereas a decrease with salinity suggests (negative gradient) a higher freshwater concentration. 267 
 268 
We corrected the paragraph in the following way: 269 
 270 



Nutrient versus salinity profiles can give indications of the endmembers (sources) of the nutrients (Fig. 5)  271 
based on a linear correlation indicating conservative mixing. A positive correlation for example would 272 
indicate conservative mixing (assuming high salinityindicates higher concentrations of the nutrients in 273 
the saline Atlantic water endmember had, while a negative correlation points to a higher concentrations 274 
than melt water) in the fresh glacial meltwater endmember. Biological uptake and remineralisation as 275 
well as physical processes, such as external inputs by meltwater could inverse or weaken or eliminate the 276 
correlation, indicating non-conservative mixing. In the water column at NG and IE silicate (R2=0.66, 277 
p=0.008), NOX (R2=0.62, p=0.01) and phosphate (R2=0.69, p=0.005) showed conservative positive mixing 278 
patterns with higher contributions of Atlantic water (Fig. 5a-c). At SG silicate was negatively correlated to 279 
salinity showed a negative correlation for silicate pointing to a higher contributionconcentration ofin 280 
glacial meltwater (R2=0.86, p<0.0001). The absence of but not positive relationscorrelations for NOX and 281 
PO4 indicate non-conservative mixing pointing towards the relevance of biological uptake and release 282 
measurements (Fig. 5d-f).¨ 283 
 284 
We also corrected the figure legend of Fig. 5 (See below). 285 
 286 
310 “The contribution of nutrients by upwelling as well as freshwater inflow from glacial meltwater was 287 
estimated by linear mixing calculations”. Can you show these, maybe in the supplement, I am a little 288 
confused mainly because of the unclear description above. Similarly for the % nutrient values, please 289 
clarify how these were calculated and consider the error on them – especially if it is the case that the 290 
single SG value with very high NOx and Si is basically dominating the trend and an outlier.  291 
 292 
We added following calculations to the appendix. The mentioned outlier values in SG in the UIW sample 293 
was not used for the mixing calculations as explained above. For the meltwater fraction at the surface 294 
the error related to the average IE salinity is less than 0.1 % (see comment above), the main variation of 295 
the % meltwater contribution in the surface layer of SG is related to the salinity at the surface of SG (Fig. 296 
R1). We added the error estimate of 0.1 % to the table. For nutrients, the error was estimated based on 297 
the variability in the concentrations measured in the triplicates. For NOx the estimated range of 298 
contribution by upwelling is thereby 57-59 % (± 1 %) bottom water, for Silicate 89-95 % (± 3 %), and for 299 
phosphate 46-49 % (± 3 %). We added the error estimates to the text and table. 300 
 301 
Equations. Mixing calculations for estimates of the fraction of meltwater (MWSal) based on salinity, and 302 
for bottom water based on nutrient concentrations (BWNuts). Sal indicates the average salinities measured 303 
at the IE (SalIE), SG at 1m depth (SalSG1m), subglacial outflow (Salglac). Nut indicates the nutrient 304 
concentrations of nitrate and nitrite (NOX), silicate (Si), and phosphate (PO4) at 1m under the sea ice at 305 
SG (Nut1mSG) and IE (Nut1mIE), the bottom water of the IE (NutBW), or subglacial outflow water (Nutglac).  306 
 307 

𝑀𝑀𝑀𝑀𝑆𝑆𝑆𝑆𝑆𝑆[%] =  
𝑆𝑆𝑆𝑆𝑆𝑆𝐼𝐼𝐼𝐼 −  𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆1𝑚𝑚

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆1𝑚𝑚 −  𝑆𝑆𝑆𝑆𝑆𝑆𝑔𝑔𝑆𝑆𝑆𝑆𝑔𝑔 +  𝑆𝑆𝑆𝑆𝑆𝑆𝐼𝐼𝐼𝐼 −  𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆1𝑚𝑚 
∗ 100 308 

 309 

𝑀𝑀𝑀𝑀𝑆𝑆𝑆𝑆𝑆𝑆[%] =  
34.7 𝑃𝑃𝑆𝑆𝑃𝑃 − 23.6 𝑃𝑃𝑆𝑆𝑃𝑃

23.6 𝑃𝑃𝑆𝑆𝑃𝑃 − 0 𝑃𝑃𝑆𝑆𝑃𝑃 + 34.7 𝑃𝑃𝑆𝑆𝑃𝑃 − 23.6𝑃𝑃𝑆𝑆𝑃𝑃
∗ 100 = 32 % 310 

 311 

𝐵𝐵𝑀𝑀𝑁𝑁𝑁𝑁𝑁𝑁[%] =
𝑁𝑁𝑁𝑁𝑁𝑁1𝑚𝑚𝑆𝑆𝑆𝑆 − 𝑀𝑀𝑀𝑀𝑆𝑆𝑆𝑆𝑆𝑆[%] ∗  𝑁𝑁𝑁𝑁𝑁𝑁𝑔𝑔𝑆𝑆𝑆𝑆𝑔𝑔 −  𝑁𝑁𝑁𝑁𝑁𝑁1𝑚𝑚𝐼𝐼𝐼𝐼 + 𝑀𝑀𝑀𝑀𝑆𝑆𝑆𝑆𝑆𝑆[%] ∗ 𝑁𝑁𝑁𝑁𝑁𝑁1𝑚𝑚𝐼𝐼𝐼𝐼  

𝑁𝑁𝑁𝑁𝑁𝑁𝐵𝐵𝐵𝐵 −  𝑁𝑁𝑁𝑁𝑁𝑁1𝑚𝑚𝐼𝐼𝐼𝐼

∗ 100 312 

 313 

𝐵𝐵𝑀𝑀𝑁𝑁𝑁𝑁𝑁𝑁[%] =  
6.52𝜇𝜇𝑀𝑀 − 0.32 ∗ 2.06 𝜇𝜇𝑀𝑀 − 3.27 𝜇𝜇𝑀𝑀 + 0.32 ∗ 3.27 𝜇𝜇𝑀𝑀

9.57 𝜇𝜇𝑀𝑀 − 3.27 𝜇𝜇𝑀𝑀
∗ 100 = 58 % 314 

 315 

𝐵𝐵𝑀𝑀𝑆𝑆𝑆𝑆[%] =  
4.30 𝜇𝜇𝑀𝑀 − 0.32 ∗ 1.79 𝜇𝜇𝑀𝑀 − 1.59 𝜇𝜇𝑀𝑀 + 0.32 ∗ 1.59 𝜇𝜇𝑀𝑀

4.46 𝜇𝜇𝑀𝑀 − 1.59 𝜇𝜇𝑀𝑀
∗ 100 = 92 % 316 

 317 

𝐵𝐵𝑀𝑀𝑃𝑃𝑁𝑁4[%] =  
0.41 𝜇𝜇𝑀𝑀 − 0.32 ∗ 0.09 𝜇𝜇𝑀𝑀 − 0.34 𝜇𝜇𝑀𝑀 + 0.32 ∗ 0.34 𝜇𝜇𝑀𝑀

0.67 𝜇𝜇𝑀𝑀 − 0.34 𝜇𝜇𝑀𝑀
∗ 100 = 46 % 318 

 319 
 320 



 321 

 322 
Figure R1. Estimated fractions of glacial meltwater in the surface layer of SG. 323 
 324 
 325 
333 Can you clarify what you mean by the vertical export of Chl a and how this was calculated please  326 
 327 
The vertical export flux of Chl a is based on Chl a measurements in the sediment traps. We first convert 328 
the measured Chl concentrations (mg m-3) to mass (mg) in  order to calculate the flux as the mass of 329 
Chlorophyll a per unit area and time sedimenting to a certain depth.  330 
 331 
Change: 332 
 333 
This leads to higher (14 times) vertical export flux based on the sediment trap measurements than 334 
production at IE and considerably lower (5 %) export than production at SG (Table 2). 335 
 336 
The sediment traps are cylindrical bottles, filled with sterile filtered water, incubated at different depths 337 
for about 1 day. The material (e.g. Chl a) sedimenting out (vertical flux) is collected in these cylinders. 338 
Since we know the concentration of Chl a in the sediment trap (C in mg m-3) and the volume of the 339 
cylinders (V in m3), we can calculate the mass of Chl a sedimenting into the trap (mg). With the knowledge 340 
of the area above the sediment trap opening (A = m2) we can calculate the amount of Chl per area (mg 341 
m-2). With the information of the exact incubation time (t in days), we can then calculate the vertical flux 342 
(mg m-2 d-1). The calculation is described in Wiedmann et al. (2016), but we also added the equation below 343 
to the appendix. 344 
 345 

𝑉𝑉𝑉𝑉𝑉𝑉𝑁𝑁𝑉𝑉𝑉𝑉𝑆𝑆𝑆𝑆 𝑓𝑓𝑆𝑆𝑁𝑁𝑓𝑓 =  
𝐶𝐶 ∗ 𝑉𝑉
𝐴𝐴 ∗ 𝑁𝑁

 346 

 347 
 348 
462 These values are hard to compare as written because the first (250-500) refers to the vertical plume 349 
volume, whereas the second (1.1) refers to the volume transport over the fjord surface, with different 350 
units and spatial scales, it would be better to calculate a set of numbers with the same units for 351 
comparison. 352 
 353 
We added our estimate in the same unit: 354 
 355 
To our knowledge, our study provides currently the only available estimate of subglacial upwelling in early 356 
spring. Our study suggests that subglacial upwelling in spring causes in Billefjorden a small volume 357 
transport of only about >1.1 m3 m-2 month-1 (approx. 2 m3 s−1). …The most comparable estimate on 358 
the magnitude of the upwelling is available at Kronebreen for summer. This Svalbard tidewater glacier is 359 
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of similar size and had one to two order of magnitude higher upwelling rates compared to our study (31-360 
127 m3 s-1, Halbach et al., 2019).  361 
 362 
462 ‘careful’ implies errors/uncertainties are quantified, at the moment I would say it was a little crude. 363 
 364 
We agree and did following change: 365 
 366 
This estimate is based on the flux of nutrient rich bottom water needed to maintain the measured primary 367 
production assuming steady state conditions and is therefore a rough, but conservative estimate. 368 
 369 
465-468 There are 2 sentences here basically saying the same thing 370 
 371 
We removed one of the sentences. 372 
 373 
469 ‘depth of glacier front’ it would be better to cite the physical studies which specifically show this 374 
rather than a review 375 
 376 
We cited now Carroll et al., 2016 instead. Carroll et al. (2016) also reviews different studies, but for 377 
coming to a conclusion of the depth of the glacier front being related to the amount of upwelling, requires 378 
a review, or meta-analyses. Since we use the citation as evidence for this specific relationship, we suggest 379 
this review as most appropriate. The physical studies alone do not have sufficient data to come to this 380 
conclusion. 381 
 382 
Carroll, D., Sutherland, D. A., Hudson, B., Moon, T., Catania, G. A., Shroyer, E. L., Nash, J. D., 383 
Bartholomaus, T. C., Felikson, D., Stearns, L. A., Noël, B. P. Y., and van den Broeke, M. R.: The impact of 384 
glacier geometry on meltwater plume structure and submarine melt in Greenland fjords, Geophys. Res. 385 
Lett., 43, 9739–9748, https://doi.org/10.1002/2016GL070170, 2016. 386 

 387 
470 It would be useful to mention the grounding line estimate earlier in the text 388 
 389 
We added the information already in the methods description. 390 
 391 
486 required for photosynthesis or something more specific (primary production can occur in the dark) 392 
 393 
We added following clarification: 394 
… where light is sufficient for photosynthesis. 395 
 396 
519 Yes I would agree, but I don’t think the review cited explicitly shows this. You can however find a lot 397 
of work that suggests most of the Arctic is basically nitrate limited based on observed macronutrient 398 
distributions in summer7, and I think this has been explicitly tested closed to Svalbard showing no 399 
significant effect of Fe additions8. 400 
 401 
We agree that the review is not the most appropriate reference and added the study by Krisch et al. 402 
(2020) instead. 403 
 404 
520 I’m not sure what you mean by nutrient concentrations are higher at shallower depths, something 405 
due to relatively more evident benthic input as you mentioned for NH4 briefly? 406 
 407 
We suggest that at a shallower water depth, less physical forcing not necessarily related to subglacial 408 
upwelling (e.g. tides (low in Adolfbukta), currents, or wind (unlikely under sea ice), is needed for vertical 409 
mixing leading bottom water to reach the surface. 410 
 411 
We added following clarification: 412 
 413 



Besides the subglacial upwelling, nutrient concentrations may simply be higher due to due to lower 414 
physical forcing and time needed for vertical mixing at the shallower water depth at SG compared to IE, 415 
facilitating vertical mixing down to the bottom. 416 
 417 
523 As above, I think this is not quite right. Non-conservative silicic acid behavior (but conservative N/P 418 
behavior) would suggest glacier associated input from dissolution of glacier-derived particles either 419 
directly into the water column or from sediments into the water column, although conservative silicic 420 
acid behavior is also equally often observed downstream of glaciers so this is not really a clear universal 421 
meltwater signature9. I think the only generalizations you could make would concern concentrations that 422 
melt is generally expected to be a low or not significant source of nitrate/phosphate, and a more 423 
important source of silicic acid, see Ref1 and the supplement for a summary. 424 
 425 
We did following correction: 426 
 427 
The differences in the relation of nutrient concentrations versus salinity indicate, that glacial meltwater 428 
was not a major source for N and P at SG while the different relation for Si provide evidence for supply 429 
through meltwater inflow (Hopwood et al., 2020). 430 

530. I’m not sure these values are low compared to Greenland work if you compare to the dissolved 431 
values in freshwater. See the supplement for Ref for a summary1, I suspect if you calculate mean/median 432 
for data available for Greenland or Svalbard your values are likely not atypical (for silicic acid especially, I 433 
think the mean and range is high because 1 or 2 catchments have exceptionally high concentrations, but 434 
median concentrations are likely a few micromolar.) Note spelling Hawkings (I assume). 435 
 436 
We are quite confident that the values are low, but would be thankful if the reviewer has any suggestions 437 
for references with lower Silicate values in glacial outflow water in Greenland. Overall, the data for glacial 438 
outflow in Greenland are sparse. We do not think comparing Arctic rivers with our measurements of 439 
subglacial outflow would be useful, since additional processes, including additional weathering and 440 
uptake by freshwater diatoms would play a role. Overall, rivers have also higher Silicate values. The only 441 
samples with lower concentrations than our study are from icebergs (Meire et al., 2016a). The other 442 
values in the study by Meire et al. (2016a) are measured from glacial rivers, with the lowest value of 3.4 443 
µmol L-1, the lowest mean value of 5.5 µmol L-1 and typical mean values around 10 µmol L-1.  For clarity, 444 
we added the values of our study and the range of the values from Greenland. 445 
 446 
The nutrient concentrations in subglacial outflow water were lower (<1.5 – 2 µmol L-1) than estimates in 447 
Greenland (Hawkings et al., 2017: 0.8-41.4 average 9.6 µmol L-1 , Hatton et al., 2019: 9.2-56.9 average 448 
20.8 µmol L-1, Cape et al., 2019: 10 ± 8 µmol L-1), indicating that direct fertilisation in spring may be even 449 
more important in other tidewater glacier influenced fjords. 450 
 451 
533 This is curious, do you have any idea why? Based on the Ref10 cited, this source would be expected 452 
to be quite large (i.e. silicic acid entering solution from glacier mderived particles) compared to direct 453 
glacier inputs of dissolved silicic acid, but I’m not sure how much evidence there is for this, elsewhere 454 
around Svalbard I think the same summary can be made as herein that there doesn’t seem to be strong 455 
evidence for a significant silicic acid source from glacier sediments6. 456 
 457 
As indicated by rather low silicate concentrations in the subglacial outflow water, we suggest that the 458 
bedrock below Nordenskiøldbreen is overall poor in silicate, at least at the areas, where the subglacial 459 
drainage system is in contact with the bedrock. We did following change: 460 
 461 
However, bottom water nutrient concentrations were similar at SG and IE, indicating a limited role of 462 
higher silicate inputs from sediment, presumably due to silicate-poor subglacial bedrock. 463 
 464 
534 Besides: : : This is repetition, I don’t think it’s particularly controversial to assume NOx as the limiting 465 
nutrient in this environment11,12, I think a very brief comment about Fe would suffice, there is more 466 
than ample evidence for really high Fe inputs in and around Svalbard13,14 and low nitrate levels through 467 
most of the growing season. 468 
 469 



We agree and removed the sentence, since the information about iron is already given above. 470 
 471 
539 Given the lack of relevance for atmospheric inputs to under-ice blooms, I don’t think you need to 472 
discuss this, unless you are writing about incorporation of such nutrients into sea-ice  473 
 474 
Since atmospheric inputs can be an important N source for sea ice algae, we kept the discussion. 475 
Especially at the SG station, we found high biomass of sea ice algae higher up in the ice, indicating that 476 
atmospheric inputs may play a role and need to be discussed. 477 
 478 
549 I’m not sure which value in the cited review you’re referring to here, it would be more useful to cite 479 
the specific studies that measured primary production (there are many studied on primary production 480 
for Svalbard including values specifically for spring which are presumably the best comparison)12,15,16.  481 
 482 
The value is given in a table (Table 1 in Hopwood et al., 2020) and is based on many different studies (6 483 
fjords, 33 datapoints), which makes citing one original research paper tricky. Discussing all studies 484 
separately would repeat the review effort of Hopwood et al. (2020) and go beyond the scope of our 485 
discussion. Thus, we kept the review article as main reference. We added however the range of PP in 486 
tidewater influenced fjords for clarification. 487 
 488 
For a comparison of Kongsfjorden as a similar system on Svalbard, we also agree that adding more specific 489 
references to van de Poll et al. (2018) and Hodal et al. (2012) is helpful. 490 
 491 
We did following changes:  492 
 493 
The integrated primary production to 25 m at SG of 42.6 mg C m-2 d-1 is low compared to values from 494 
other marine terminating glacier influenced fjord systems in summer with mean integrated NPP of 480 495 
±403 mg C m-2 d-1 (reviewed by Hopwood et al., 2020), including studies in Kongsfjorden on Svalbard (250 496 
-900 mg C m-2 d-1, Van de Poll et al. 2018). A study conducted during a similar time window as ours (1 497 
May) observed higher primary production rates in a marine-terminating glacier influenced fjord system, 498 
in Kongsfjorden (1520-1850 mg C m-2 d-1, Hodal et al., 20120). 499 
 500 
570-575 As written this is fine, but please note I think the ‘seed’ hypothesis specifically referring to inner-501 
fjord communities seeding outer-fjord/shelf areas is not particularly well supported by literature, 502 
especially since in the context of sea-ice covered fjords, I think the bloom generally occurs earlier outside 503 
the fjord than it does inside (I’m not sure if that is the case here). Elsewhere on seasonal timescales there 504 
is evidence of marine inflow changing the in-fjord bloom and not really of the opposite17,18. 505 
 506 
Our main support is the paper by Hegseth et al. (2019), which describes microalgae derived from 507 
sediment upwelling/mixing in the fjord as crucial source of inoculum for a spring bloom. Especially in 508 
Billefjorden with little Atlantic water inflow due to the shallow sill, slow tidal currents, and a suspected 509 
net advection away from the glacier front, we expect this mechanism to also be important in Billefjorden. 510 
However, based on your literature, we realize that this hypothesis is not widely accepted and formulated 511 
the statement more carefully. 512 
 513 
We did a more careful discussion in the following way: 514 
 515 
…, may be a viable seed community for summer phytoplankton blooms, once the sea ice disappears and 516 
light levels increase (Hegseth et al., 2019). 517 
 518 
585 These are averages you’re referring to? It may be worth commenting on the variability, I expect 519 
there’s a huge range when you’re writing about all Arctic glacier-fjords 520 
 521 
We agree and gave the range instead of the average. We also add a reference citing the original study, 522 
instead of the review by Leu et al. (2015). 523 
 524 



Only Greenland fjords (0.1-3.3 mg Chl m-2) or pre- and post-bloom systems had comparably low biomass 525 
(Mikkelsen et al., 2008, Leu et al., 2015). 526 
 527 
589 ‘limited by phosphate’ do you actually show this, or do you mean than based on measured 528 
concentrations, there was a deficiency of phosphate? 529 
 530 
We changed the term “limited” to “deficient”. 531 
 532 
595 This appears very speculative, because I think you are comparing broad regional averages to a spot 533 
measurement?  534 
 535 
We agree and realize that this discussion is not crucial for the paper and, thus, removed it. 536 
 537 
599 -8.3 above average doesn’t make sense 538 
We referred to 8.3 not -8.3 and corrected the error. 539 
 540 
644 Here, in this section, I think you need to consider where sea-ice cover occurs and also how that and 541 
the timing of its breakup may also change in the future. 542 
We agree that sea-ice cover and changes with climate change need to be discussed here and did following 543 
additions: 544 
 545 
Another impact of climate change will be the reduction and earlier break-up of sea ice and Atlantification 546 
of fjords, leading to increased light, and wind mixing. In the ice free Kongsfjorden, higher primary 547 
production rates have been measured in the same month, indicating that the lack of sea ice may lead to 548 
increased overall primary production (Iversen & Seuthe, 2010). However, Kongsfjorden is still influenced 549 
by subglacial upwelling, supplying nutrients for the bloom (Halbach et al., 2017). In systems not affected 550 
by subglacial upwelling the additional light will most likely not lead to substantially higher primary 551 
production as indicated by lower measured rates in these type of fjords (Hopwood et al., 2020). Since the 552 
entrainment in our study occurs at only approximately 20 m depth, upwelling under sea ice-free 553 
conditions would have much less effect, since wind induced vertical mixing plays a more important role. 554 
Direct silicate fertilisation would also have less effect in an ice-free fjord since the fjord phytoplankton 555 
biomass is likely more nitrate than silicate limited, due to the later stage of the spring bloom (Hegseth et 556 
al., 2019). In summary, we suggest that subglacial upwelling in early spring is important for phytoplankton 557 
blooms, but only in a sea-ice covered fjord. The future of the spring phytoplankton blooms depends on 558 
what happens first, disappearance of sea ice, or retreat of the glacier to land. 559 
 560 
650 “the seed material from the deeper sediments would not reach the water column, leading to a 561 
reduced and delayed phytoplankton summer bloom” Whilst I’ve read this hypothesis in a few places, I’m 562 
not sure there’s much evidence for this, can you cite studies specifically showing this does affect the 563 
summer bloom? 564 
 565 
Our main support is the paper by Hegseth et al. (2019), which describes microalgae derived from 566 
sediment upwelling/mixing in the fjord as crucial source of inoculum for a spring bloom. Especially in 567 
Billefjorden with little Atlantic water inflow due to the shallow sill, slow tidal currents, and a suspected 568 
net advection away from the glacier front, we expect this mechanism to also be important in Billefjorden. 569 
However, since the support lies in another study and not in our data, we removed this sentence. 570 
 571 
650-660 There are a lot of ideas in these paragraphs which are not extensively developed. I think it would 572 
be good to either develop these a bit more, or remove them. For the later comment, Holding et al., is 573 
probably the best ref I can think of – you also need to think about stratification19 if you want to write 574 
about changes in summertime, but I generally suggest you cut this given the spring focus of your 575 
manuscript. The writing concerning spring is much better developed and the comments concerning 576 
changes in summer bloom lack discussion of the many factors (changing discharge, stratification, 577 
circulation) that change seasonally and are generally beyond the scope of the manuscript.  578 
In your comments about how significant/important this process is, maybe you could think about how it 579 
works with respect to the availability of nutrients and timing.  580 



If I understood correctly, the entrainment occurs from only 20 m depth, so if it started slightly later in the 581 
season it would be presumably much less effective as nitrate would already have been drawdown and 582 
meltwater would just be mixing into an already nutrient deficient top 20 m layer? Presumably this means 583 
the relative timing of bloom onset, and early discharge is an important feature to think about in 584 
determining when/when this is important?  585 
(And, also sea ice break up, the dates of which presumably are also changing?) 586 
 587 
We removed all references to summer and focus on spring changes and extend our discussion on sea-ice 588 
retreat, timing of the bloom and sea-ice retreat vs glacier retreat effects in the following way (See 589 
response to comment on line 644):  590 
 591 
Another impact of climate change will be the reduction and earlier break-up of sea ice and Atlantification 592 
of fjords, leading to increased light, and wind mixing. In the ice free Kongsfjorden, higher primary 593 
production rates have been measured in the same month, indicating that the lack of sea ice may lead to 594 
increased overall primary production (Iversen & Seuthe, 2010). However, Kongsfjorden is still influenced 595 
by subglacial upwelling, supplying nutrients for the bloom (Halbach et al., 2017). In systems not affected 596 
by subglacial upwelling the additional light will most likely not lead to substantially higher primary 597 
production as indicated by lower measured rates in these type of fjords (Hopwood et al., 2020). Since the 598 
entrainment in our study occurs at only approximately 20 m depth, upwelling under sea ice-free 599 
conditions would have much less effect, since wind induced vertical mixing plays a more important role. 600 
Direct silicate fertilisation would also have less effect in an ice-free fjord since the fjord phytoplankton 601 
biomass is likely more nitrate than silicate limited, due to the later stage of the spring bloom (Hegseth et 602 
al., 2019). In summary, we suggest that subglacial upwelling in early spring is important for phytoplankton 603 
blooms, but only in a sea-ice covered fjord. The future of the spring phytoplankton blooms depends on 604 
what happens first, disappearance of sea ice, or retreat of the glacier to land. 605 
 606 
Data files: These are generally well organized but I could not find the nutrient data in the file which the 607 
readme says it is in, did I miss something? -> I will double check after PhD submission( The same for 608 
finishing the ENA submission) 609 
 610 
We added the missing data to the DATAVERSE archive. 611 
 612 
Fig. 3 The blue line doesn’t quite display properly in my version 613 
 614 
We uploaded a figure with higher quality and thicker lines. For the final paper, we will submit vector 615 
based PDF files for each figure. 616 
 617 
Fig. 4 There are a couple of suspect anomalies here, along the line that represents the ice boundary there 618 
are a few nutrient concentrations that appear well above the trend for either ice or water column 619 
concentrations, are you sure these are real? -> mentioned the outliers in the results 620 
 621 
As mentioned above, these values are based on 1 sample (UIW at SG for NOX and Silicate) and may well 622 
be outliers or anomalies based on sampling artifacts, or locally high remineralization/dissolution rates. 623 
Thus, we highlight them as outliers in the text and do not use them for the mixing calculations, or detailed 624 
discussions.  625 
 626 
Fig. 5 As in text, the description of ‘conservative mixing’ isn’t quite right. “Conservative mixing shows as 627 
a positive correlation, non-conservative mixing as a negative correlation”. The strength of the correlation 628 
indicates roughly how conservative it is. The sign of the gradient indicates whether the concentrations 629 
are increasing or decreasing with salinity i.e. whether freshwater or saline water has the higher 630 
concentration. It would be useful to have the actual p values written somewhere. 631 
 632 
As mentioned above, we agree and changed the text in the manuscript and figure legend accordingly. 633 
 634 
Change in the figure legend: 635 
 636 



Fig 5. Linear salinity-nutrient correlations of NG and IE water samples (a–c), NG, IE, and SG water 637 
stations (d–f) and sea ice samples of NG, IE and SG (g–i). A higher concentration in saline Atlantic water 638 
results in a positive correlation, a higher concentration in glacial meltwater in a negative correlation. 639 
Significant correlations (p<0.05) are asterisk marked behind the R2 value. 640 

 641 
Fig. 6 This took a while to read, there are a lot of abbreviations.  642 
 643 
Due to the large amount of data in this figure, we argue that the amount of text, containing information 644 
and assumptions in the methods are necessary. We wrote out the abbreviations on top, to make the 645 
figure more understandable without reading the legend. We also increased the font size of the numbers 646 
within the figure. 647 
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Author’s response to: 760 

Anonymous Referee #2 Received and published: 7 January 2021 761 

Subglacial upwelling in winter/spring increases under-ice primary production 762 

Summary: This paper aims to explore the role of the release of subglacial meltwater in the winter and 763 
spring on under-ice primary production. The premise of the study is that though subglacial upwelling of 764 
nutrient rich deep marine waters has been shown to be a viable mechanism for stimulating primary 765 
production in the summer, very few studies have examined this topic with regards to spring under-ice 766 
primary production. The study is an interesting, under-explored topic, which is only likely to become 767 
more important with global warming and prolonged glacial melt seasons, and thus, worthy of eventual 768 
publication in this journal. 769 

We want to thank the reviewer sincerely for the comprehensive review that helps to improve the clarity 770 
of the manuscript considerably. All comments are clear and very useful. We addressed all comments as 771 
outlined in detail below. Changes in the text of the manuscript are highlighted in green. 772 

However, I think there are number of improvements that could be made to aid the study, which I outline 773 
below. Apart from issues with over-interpretation of the data (detailed below), the writing is often 774 
disorganized and unclear. Also, there often a lack of consideration of the on-ice processes that are 775 
occurring that could be affecting the authors interpretations – i.e. enrichment of the glacial meltwater 776 
itself that has been stored at the bed overwinter and is released in the spring. The fact that the submarine 777 
discharge in the spring is likely quite different to the dilute discharge characteristic of summer drainage 778 
is a fact that makes this difficult to compare to previous summer studies of glacial discharge into the 779 
ocean. To this end often the authors seem to have a pre-ordained conclusion – i.e. that the mechanism 780 
of nutrient addition was via upwelling of “deep” bottom waters by the submarine discharge, but this 781 
seemed at odd with the shallow depth of this discharge (20-m). Finally, there is also a lack of clarity 782 
with how some of the calculations are made – this needs to be rectified for these calculations to be 783 
understood. I would urge the authors to address these points, and indeed try to focus their story on the 784 
novel spring measurements they have, to maximize the potential readership of this interesting study. 785 

In cases of over-interpretations, we either rephrased the interpretation more careful, often via adding 786 
details for clarification, or removed the statements (details below). We rewrote the sections that the 787 
reviewer considered disorganized and unclear (details below) with the most substantial changes 788 



regarding glacial processes and the chapter about subglacial upwelling and entrainment factors. We tried 789 
to clarify the relevance of on-ice processes by i) introducing the processes in more detail in the 790 
introduction, ii) mentioning the nutrient concentrations of the undiluted subglacial meltwater that we 791 
measured earlier in the results, and iii) giving more references to the role of nutrient enrichment under 792 
the glacier (weathering during bedrock contact, solute expulsion during freezing). However, our nutrient 793 
measurements of the undiluted meltwater still showed lower concentrations compared to the fjord 794 
bottom water. The concentrations are enriched compared to sea ice and UIW samples at NG and IE, but 795 
we consider upwelling of bottom water more important for nutrient dynamics in this area. We further 796 
clarified these findings by referring more strongly to the undiluted meltwater nutrient concentrations in 797 
the text. Please note that Svalbard studies by van der Poll (e.g. van der Poll et al., 2018) agree with our 798 
conclusion. Referee 2 suggests that shallow water depth might limit the relevance of this process. We 799 
suggest that the freshwater input occurred below the sharp halocline in 4-5m depth, explaining the 800 
nutrient differences between 15 and 1 m. Additionally this process is supported through a) the absence 801 
of any substantial external advection of inorganic nutrients (e.g through tides and wind), and b) strong 802 
salinity driven stratification preventing mixing apart from upwelling. Detailed calculations were added 803 
to the appendix. 804 

Title: Given the confusion regarding subglacial upwelling (see below) – do you mean submarine 805 
discharge or upwelling of deeper marine waters? – I would suggest a title change.. Perhaps: Spring 806 
submarine discharge plumes fuel under-ice primary production ?807 



This has been a very good suggestion by the referee – we agree and changed the title accordingly to “Early 808 
spring submarine discharge plumes fuel under-ice primary production” 809 

Abstract: 810 

L25: “retreat of tidewater glaciers could lead to decreased under-ice phytoplankton primary production” 811 
when? in the spring? In winter? Or both? My comment on the line above points to a broader problem 812 
which is evident in the title.. which is that I think by the lack of specificity regarding the timing, winter 813 
or spring is determinantal to the paper. Presumably if the focus is on spring primary production then the 814 
authors are speaking about subglacial upwelling in the spring? 815 

Based on the simple date definition spring starts at the 20th of March. However, the definition of winter 816 
and spring is more difficult in Arctic studies, as biological processes like algal blooms are not tight to 817 
the calendar but to changes in e.g. light and ice regime. Also algal growth (as indicator of spring) in the 818 
ice might occur prior to algal growth in the water column. Spring may also be defined as the onset of 819 
snowmelt and temperatures above freezing point (mostly in terrestrial ecology), or by the return of light. 820 
Since we sampled at a time of subzero temperatures and ice cover (winter), but with sufficient light for 821 
algae blooms (spring), we had used the term “winter/spring” in the submitted version. However, since 822 
light availabililty is often most important in Arctic marine systems to define the onset of spring we 823 
changed the term to “early spring” throughout the manuscript and added the information where it was 824 
lacking (including L25). 825 

*A minor point, but line numbers every line would be really very helpful* 826 

We added the line numbers as suggested. 827 

Introduction: 828 

L37: unclear what “it” is referring too 829 

We replaced “it” with “the submarine discharge” 830 

L39: “close to the glacier front”.. meaning what? Suggest specifying. Also a reference would be helpful 831 
here. The ranges of increased primary production in front of tidewater glaciers is quite variable so 832 
specification would be good. 833 

The exact distance is highly variable, depending on sediment load, glacier terminus depth, discharge 834 
volume and flux e.g.. Hence, it is not possible to provide accurate numbers. However, based on an earlier 835 
study (Halbach et al., 2019) which found a phytoplankton bloom at 0.1 -1.9km distance from the glacier, 836 
we included a distance range into the manuscript (hundreds of meters to kilometers). 837 

L41: “at some distance” .. again suggest specifying here. 838 

See comment above 839 

L46: I’m not sure I would necessarily agree that the lack of studies of subglacial discharge in the winter 840 
/ spring is due to the perception of a lack of freshwater outflow. I think it’s well known from a glacier 841 
hydrological perspective that temperate and even polythermal ice masses likely have winter / spring 842 
discharge. More likely it’s due to a lack of opportunity given the challenge of Arctic field conditions 843 
and the difficulty in locating such an outflow which would presumably be of low flux. 844 

We agree and changed this statement in the following way: “ Due to the challenges of Arctic field work in 845 
early spring and the difficulties of locating such an outflow, only few studies investigated submarine discharge 846 
during that time window. The few studies available suggest overall little discharge (e.g. Fransson et al., 2020; 847 
Schaffer et al., 2020) compared to summer values. The limited amount of data makes the generalized 848 
quantification of subglacial outflow difficult. In addition, studies focusing on the potential impacts of the early 849 
spring discharge on sea ice and pelagic primary production are lacking.” 850 



L52-53: Suggest defining what you mean by “Glacier terminus melt rates” 851 

The term “glacier terminus melt rate” is adopted from the mentioned publications, but we added a short 852 
clarification. “Glacier terminus melt rate occurring at the glacier-marine interface”. 853 

L54: Svalbard glaciers are shallower compared to what? 854 

They (the water depth at the glacier terminus) are shallower than Greenland glaciers. We added 855 
following clarification: “submarine glacier termina on Svalbard occur typically at shallower water 856 
depths than on Greenland …” 857 

L55-56: Phrase “can persist throughout winter and specifically in early spring” is unclear. Are you 858 
suggesting that outflow persists through winter and into spring? 859 

We included the suggested sentence by the referee and rephrased the sentence in the following way: 860 
“can persist through winter and into spring” 861 

L57: add phrase “ various other mechanisms such as:” between the words “through” and “constant”. 862 
Also suggest making the part re: temperate parts of the glacier” a discrete sentence. Presumably, with 863 
regards to winter / spring discharge you are speaking about polythermal glaciers? I think this section in 864 
general needs more specifics regarding the types of glaciers that typically have winter/spring discharge 865 
and the typical fluxes and chemical composition of this discharge. I would think that all of these points 866 
are worth mentioning to set-up the discussion of this paper. The point regarding chemical composition 867 
in particular has been glossed over as being sourced from meltwater stored from the previous melt season 868 
but this meltwater having been stored at the bed over winter would have a significantly different 869 
chemical character than dilute snow and ice-melt passing quickly through the system at the height of 870 
summer. Also, what about the possibility of basal ice melt? 871 

We replaced the sentence with a more comprehensive paragraph addressing the missing information and 872 
background: “However, subglacial outflows can persist through winter and into spring through the 873 
release of subglacial meltwater stored from the previous summer and fall melt season as observed in 874 
several Svalbard glaciers, including cold-based glaciers (Hodgkins, 1997). Winter drainage occurred 875 
mostly periodically during events of ice-dam breakage. During the storage period, the meltwater can 876 
change its chemical composition. For example, prolonged contact with silicon-rich bedrock increased 877 
the silicate concentrations (Hodgkins, 1997). Additionally, freezing of some of the meltwater leads  to 878 
higher ion concentrations in the remaining liquid fraction (Hodgkins, 1997). Under polythermal glaciers, 879 
various additional mechanisms such as supply from groundwater, and basal ice melt via geothermal 880 
heat, pressure, or frictional dissipation can also contribute to a continuous but low flux meltwater source 881 
in winter and spring (Schoof et al., 2014).” 882 

L59-60: “Even low rates of subglacial outflows can be sufficient to supply nutrients to the surface”.. 883 
why? How? Is it because they would be sufficiently deep enough in the water column? Are you speaking 884 
of supplying nutrients via upwelling or via direct addition of nutrients in the subglacial discharge itself? 885 
If only the former, how can the latter be discounted since subglacial discharge in the spring would likely 886 
be more chemically enriched from greater contact times with the glacier bed or being sourced from basal 887 
ice melt? 888 

We suggest that low supply rates via upwelling can have a considerable impact due to the absence of 889 
other sources in a sea ice covered fjord with very weak advection (tidal currents, wind, Atlantic water) 890 
and a strongly stratified water column. Direct addition can of course also play a role. We added the 891 
following clarification: “We hypothesize that subglacial discharge can lead to significantly increased 892 
primary production, due to upwelling of nutrient rich deeper water or through its own nutrient load, 893 
especially towards the end …” 894 

L60: Why would spring subglacial discharge contain less sediment.. b/c of the low fluxes? Suggest 895 
specifying why. 896 



The referee is correct in his/her suggestion. The reduction is likely caused by the low fluxes and thereby 897 
reduced advective forcing. We added a reference to a study measuring the seasonal variation of sediment 898 
outputs at a Svalbard tidewater glacier as additional support as described in the response to RW1 899 
(Moskalik et al., 2018) and added a specification of “due to lower fluxes”. 900 

L63: Suggest setting up this argument a bit more progressively. Explain first what nutrients are generally 901 
fueling the under-ice spring bloom initially, and then go into the timing of glacial discharge and how 902 
that might positively affect under-ice primary production. As of now, the timing of the discharge and 903 
the initial bloom and end of bloom period are all not clearly laid out and this is problematic (in my 904 
opinion). 905 

We did following additions: “With the return of the sunlight after the polar night, Arctic ice algae and 906 
phytoplankton start forming blooms sustained by the winter mixing replenished nutrients with different 907 
onsets in different parts of the Arctic. The blooms are typically terminated by limitation of 908 
macronutrients, mainly nitrate or silicate (Leu et al., 2015). We suggest that in the absence of wind 909 
induced mixing, due to the seasonal presence of fast ice cover in spring, submarine discharge of glacial 910 
meltwater can directly (nutrient ion enrichment over the subglacial storage period) or indirectly 911 
(upwelling) be a significant source of inorganic nutrient increasing primary production in front of 912 
tidewater glaciers compared to similar fjords without these glaciers. Especially after nutrients supplied 913 
via winter mixing are incorporated into algal biomass (Leu et al. 2015) this additional nutrient source 914 
may become important.” 915 

L67: delete “the” before “primary” and add “in front of tidewater glaciers” after the word “production” 916 

We changed the sentence accordingly. 917 

L70: Re-arrange /re-write sentence to: Once sufficient light penetrates the snow and ice layers, ice algae 918 
start growing within sea ice between March and April: : :. Etc” 919 

We changed the sentence accordingly 920 

L73: “nutrient additions from the water column” .. via what? How? Suggest specifying. 921 

We replaced  “nutrient addition” with “advection of nutrient-rich seawater” for clarification 922 

L74: “subglacial upwelling” .. does this refer to spring subglacial upwelling? Suggest specifying. Again, 923 
I find the timeline within the year confusing with regards to glacial meltwater discharge and effect on 924 
bloom dynamics. Suggest more clearly spelling all of this out above. 925 

Yes, we refer to spring. We added the term “early spring” for clarification. 926 

L78: “or at the ice edge related to ice edge induced upwelling” .. can you define this upwelling without 927 
using the words “ice edge”? 928 

We used the term “wind-induced Ekman upwelling” as described by Mundy et al. (2009).  929 

L79: suggest replacing “coverage also” with “accumulates” 930 

We replaced “coverage also” with “accumulation” 931 

L81: suggest replacing “Once” with “After” 932 

We change the term “Once” with “After” as suggested. 933 

L83: suggest replacing “related” with “induced” 934 

We change the term “related” with “induced” as suggested. 935 

L86: suggest deleting “to” and replacing “fuel” with “fueling” 936 

We change the formulation “to fuel” with “fueling” as suggested. 937 



L87: the word “slow” is curious .. why is the subglacial upwelling slow? How do you know it’s slow vs 938 
fast or continuous vs intermittent? Suggest deleting this word as it opens up a range of topics that haven’t 939 
been discussed in enough detail above to warrant the use of this adjective here. 940 

We replaced “slow” with “of low total flux”, which would include continuous and intermittent discharge. 941 

L86- 88: This pivot in this last sentence doesn’t make a lot of sense to me as it seems to not really address 942 
the points brought up by the sentences immediately preceding it: : : i.e. namely reduced algal biomass 943 
due to brackish ice conditions .. suggest rectifying this last sentence. 944 

We agree with the referee to change this section. We removed the last part of the sentence “…and cause 945 
different succession patterns for phytoplankton and sea ice algae.” Since the succession patters are not 946 
clearly introduced or explained and not a major objective of the paper. 947 

L90-91: How are the 2 freshwater inputs different? Suggest specifying versus keeping your reader in 948 
the dark here. 949 

We replaced “with different freshwater inputs” with “with only one glacier front supplying submarine 950 
freshwater discharge”. We agree that the previous formulation is unclear and misleading, since we 951 
mostly argue for the absence of freshwater inputs at NG. 952 

L92: “to investigate the effect of the glacier terminus” .. this is a big vague. Suggest specifying. 953 

We added following details: “… to investigate the effect of the glacier terminus, and subglacial outflow 954 
related upwelling on the light and nutrient regime in the fjord and thereby on early spring primary 955 
productivity…” 956 

L94: “nutrient rich meltwater”.. I’m unclear what you are referring to here.. presumably since this phrase 957 
is followed by “bottom water to the surface” I think by nutrient-rich meltwater you are referring to the 958 
subglacial discharge being enriched itself in nutrients versus upwelling of bottom waters but this has not 959 
been addressed above (though I suggest doing so) 960 

We refer to the meltwater coming from the glacier itself. We added following clarification: “nutrient 961 
rich glacial meltwater” and “upwelling of marine bottom water” 962 

L95: added “under ice” before the words “primary production” if this is indeed what you are referring 963 
too? 964 

We added the formulation “under ice” as suggested. 965 

L95: “near the glacier front”.. phrase is vague. Suggest specifying. 966 

We added a distance estimate in the following way: “near (<500 m) the glacier front”. 967 

L95-96: “low permeability of sea ice” .. phrase is also vague. Suggest specifying. As noted above I think 968 
the introduction would benefit from some more specificity, especially regarding the types of glaciers 969 
where winter / spring discharge might occur, a timeline of how this discharge evolves from end of the 970 
season to the winter and spring, and how this discharge might affect spring bloom under-ice dynamics 971 
– considering both the possibility of upwelling of bottom waters and also addition of nutrients directly 972 
from the glacial meltwater itself as alluded to in the last paragraph. One thing that should also be likely 973 
addressed is that any spring discharge will presumably be of quite low flux.. given this how likely / 974 
effective will any upwelling be? 975 

We added following specification: “as a result of low permeability sea ice limiting nutrient exchange 976 
and inhabitable space” 977 



As mentioned above (RW comment on L57 and L63), we also added a more detailed introduction of the 978 
potential discharge of different glacier types and the chemical characteristics of fresh vs stored subglacial 979 
meltwater with a potential of direct nutrient input with the meltwater. We also added the statement of 980 
low fluxes in spring as mentioned above (RW comment on 87). We believe we explained the role of 981 
lower salinity waters for forming less permeable sea ice already in former lines 84ff. We added the 982 
following clarifications:  “We also suggest that the unique sea ice features could increase the under-ice 983 
light intensity. Sea ice formed from brackish water has a low bulk salinity, brine volume fraction and 984 
permeability (Golden et al., 1998) and resulting low total ice algal biomass as observed e.g. in the Baltic 985 
Sea (Haecky & Andersson, 1999). This lower algal biomass will reduce ice algal light absorption 986 
allowing more light to reach the under-ice phytoplankton.” 987 

 988 
Reference: Golden KM, Ackley SF, Lytle VI (1998) The percolation phase transition in sea ice. Science 989 
282:2238-2241 990 
 991 
Methods: 992 

L120: “.. were melted in 50% vol/vol sterile filtered seawater: : :” what was the reasoning for this? 993 

Sea ice is commonly melted in 50% vol/vol sterile seawater in order to avoid osmotic shock. Since most 994 
sea ice organisms live in the brine channels with high salinity, but the salinity of a melted bulk ice core 995 
is very low, direct melting leads to osmolysis. We added following sentence for clarification: “…to 996 
avoid osmotic shock of cells (Garrison and Buck 1986)” 997 

L155-157: Estimates of bottom water fractional contributions based on conservative mixing of nitrate.. 998 
can you rule out nitrate addition from the glacial meltwater itself? Other studies have found this (see, 999 
Beaton et al., 2017 in ES&T: https://pubs.acs.org/doi/abs/10.1021/acs.est.7b03121), especially in the 1000 
early season meltwater from a distributed subglacial drainage system. 1001 

We realize that our formulation was not clear. We also measured NOx concentrations from the subglacial 1002 
outflow itself. We found subglacial outflow water exiting the glacier and sampled it directly (Salinity 1003 
0). The nutrient values of the glacial outflow, bottom water, and surface water were used for the 1004 
calculations. We added following clarification in the methods text: “assuming linear mixing (Equations 1005 
1-2) of the two salinities (glacial meltwater salinity = 0 PSU, average seawater salinity at IE=34.7 PSU 1006 
± 0.03 standard deviation), since no other water masses in regard to temperature or salinity signature 1007 
were present (Table 1).” 1008 

As mentioned by RW1 we added details and equations on how the mixing calculations were done. 1009 

In the manuscript we added the equations to the appendix, we added the error estimates in Table 1, and 1010 
we added details about the different water types in the header of Table 1. 1011 

 1012 
Here the response to RW1 which outlines our changes: 1013 

 1014 
“We added following calculations to the appendix. The mentioned outlier values in SG in the UIW sample 1015 
was not used for the mixing calculations as explained above. For the meltwater fraction at the surface the 1016 
error related to the average IE salinity is less than 0.1 % (see comment above), the main variation of the 1017 
% meltwater contribution in the surface layer of SG is related to the salinity at the surface of SG (Fig. 1018 
R1). We added the error estimate of 0.1 % to the table. For nutrients, the error was estimated based on 1019 
the variability in the concentrations measured in the triplicates. For NOx the estimated range of 1020 
contribution by upwelling is thereby 57-59 % (± 1 %) bottom water, for Silicate 89-95 % (± 3 %), and 1021 
for phosphate 46-49 % (± 3 %). 1022 
 1023 
Equations. Mixing calculations for estimates of the fraction of meltwater (MWSal) based on salinity, and 1024 
for bottom water based on nutrient concentrations (BWNuts). Sal indicates the average salinities 1025 
measured at the IE (SalIE), SG at 1m depth (SalSG1m), subglacial outflow (Salglac). Nut indicates the 1026 
nutrient concentrations of nitrate and nitrite (NOX), silicate (Si), and phosphate (PO4) at 1m under the 1027 
sea ice at SG (Nut1mSG) and IE (Nut1mIE), the bottom water of the IE (NutBW), or subglacial outflow 1028 
water (Nutglac). 1029 



 1030 

 1031 

𝑀𝑀𝑀𝑀𝑆𝑆𝑆𝑆𝑆𝑆[%] =  
𝑆𝑆𝑆𝑆𝑆𝑆𝐼𝐼𝐼𝐼 −  𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆1𝑚𝑚

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆1𝑚𝑚 −  𝑆𝑆𝑆𝑆𝑆𝑆𝑔𝑔𝑆𝑆𝑆𝑆𝑔𝑔 +  𝑆𝑆𝑆𝑆𝑆𝑆𝐼𝐼𝐼𝐼 −  𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆1𝑚𝑚 
∗ 100 1032 

 1033 

𝑀𝑀𝑀𝑀𝑆𝑆𝑆𝑆𝑆𝑆[%] =  
34.7 𝑃𝑃𝑆𝑆𝑃𝑃 − 23.6 𝑃𝑃𝑆𝑆𝑃𝑃

23.6 𝑃𝑃𝑆𝑆𝑃𝑃 − 0 𝑃𝑃𝑆𝑆𝑃𝑃 + 34.7 𝑃𝑃𝑆𝑆𝑃𝑃 − 23.6𝑃𝑃𝑆𝑆𝑃𝑃
∗ 100 = 32 % 1034 

 1035 

𝐵𝐵𝑀𝑀𝑁𝑁𝑁𝑁𝑁𝑁[%] =
𝑁𝑁𝑁𝑁𝑁𝑁1𝑚𝑚𝑆𝑆𝑆𝑆 − 𝑀𝑀𝑀𝑀𝑆𝑆𝑆𝑆𝑆𝑆[%] ∗  𝑁𝑁𝑁𝑁𝑁𝑁𝑔𝑔𝑆𝑆𝑆𝑆𝑔𝑔 −  𝑁𝑁𝑁𝑁𝑁𝑁1𝑚𝑚𝐼𝐼𝐼𝐼 + 𝑀𝑀𝑀𝑀𝑆𝑆𝑆𝑆𝑆𝑆[%] ∗ 𝑁𝑁𝑁𝑁𝑁𝑁1𝑚𝑚𝐼𝐼𝐼𝐼  

𝑁𝑁𝑁𝑁𝑁𝑁𝐵𝐵𝐵𝐵 −  𝑁𝑁𝑁𝑁𝑁𝑁1𝑚𝑚𝐼𝐼𝐼𝐼

∗ 100 1036 

 1037 

𝐵𝐵𝑀𝑀𝑁𝑁𝑁𝑁𝑁𝑁[%] =  
6.52𝜇𝜇𝑀𝑀 − 0.32 ∗ 2.06 𝜇𝜇𝑀𝑀 − 3.27 𝜇𝜇𝑀𝑀 + 0.32 ∗ 3.27 𝜇𝜇𝑀𝑀

9.57 𝜇𝜇𝑀𝑀 − 3.27 𝜇𝜇𝑀𝑀
∗ 100 = 58 % 1038 

 1039 

𝐵𝐵𝑀𝑀𝑆𝑆𝑆𝑆[%] =  
4.30 𝜇𝜇𝑀𝑀 − 0.32 ∗ 1.79 𝜇𝜇𝑀𝑀 − 1.59 𝜇𝜇𝑀𝑀 + 0.32 ∗ 1.59 𝜇𝜇𝑀𝑀

4.46 𝜇𝜇𝑀𝑀 − 1.59 𝜇𝜇𝑀𝑀
∗ 100 = 92 % 1040 

 1041 

𝐵𝐵𝑀𝑀𝑃𝑃𝑁𝑁4[%] =  
0.41 𝜇𝜇𝑀𝑀 − 0.32 ∗ 0.09 𝜇𝜇𝑀𝑀 − 0.34 𝜇𝜇𝑀𝑀 + 0.32 ∗ 0.34 𝜇𝜇𝑀𝑀

0.67 𝜇𝜇𝑀𝑀 − 0.34 𝜇𝜇𝑀𝑀
∗ 100 = 46 % 1042 

 1043 
 1044 

Change in Table 1: 1045 
 1046 

Table 1. Properties of 1) marine surface and 2) Marine deep water (both station IE), 3) subglacial 1047 
discharge melt water and 4) station SG surface water and the relative contribution of the water types 1 to 1048 
3 to form water type 4. The calculations are given in Equations 1-6 and are based on different salinities 1049 
and nutrients in the 4 water masses. 1050 

 1051 

L215: I’m confused by the words “reciprocal transplant experiment” .. I don’t think a “transplant 1052 
experiment” is described above.. just primary production incubations. I also find the description of this 1053 
experiment (L215-218) unclear and thus the overall purpose of the experiments to the study also unclear. 1054 
As written, I cannot assess these experiments so I’d suggest a re-write of this paragraph. 1055 

The words “reciprocal transplant experiment” is mostly used in plant ecology, when plants are 1056 
planted/grown on different soil/ environments in order to see if the different soil/ environment has an 1057 
effect on their fitness or growth. We did an analogue experiment in which we incubated algae 1058 
communities in different water/ environments in order to test if the water chemistry has an effect on 1059 
algae growth. We considered other more descriptive terms such as “water exchange experiment”, but 1060 



prefer keeping the term “reciprocal transplant experiment” due to its established and wide use in 1061 
ecology. We rewrote the paragraph to clarify the experimental design in the following way: 1062 

“For testing the effect of the water chemistry on phytoplankton growth, we designed a reciprocal 1063 
transplant primary production experiment where the phytoplankton communities at SG and IE (1 m and 1064 
15 m) each were transplanted into sterile filtered water of both SG and IE. 50 ml of the water containing 1065 
the respective original phytoplankton community were transferred into 50 ml sterile filtered (0.2 μm) 1066 
seawater of SG or IE each in 100 ml polyethylene bottles. The bottles were then incubated in situ at the 1067 
original depth and primary production measured as described above. The aim of the experiment is to 1068 
test if water chemistry alone is sufficient to increase primary production, or if differences in algal 1069 
communities, light regimes, or temperatures are more important. These samples were incubated and 1070 
processed together with the other PP incubations at the adequate depths as described above.” 1071 

L225: Unclear what map you are referring to in sentence starting with “The map..” 1072 

We refer to the map in Figure 1 and added the figure reference. (Fig. 1) 1073 

L232: I’m wondering why you chose to you swarm to cluster versus amplicon sequence variants (see 1074 
Callahan et al., 2017: https://www.nature.com/articles/ismej2017119) 1075 

We are familiar with both approaches. ASVs would indeed give more details on ecotype level. However, 1076 
the aim of the study was not to dive into detailed taxonomic differences and identities, but to a) identify 1077 
larger groups (e.g. flagellates, diatoms) and their potential functions and ecological role in relation to 1078 
the biogeochemical data and b) to show and discuss overall community differences between the 1079 
samples/sites. For this purpose we believe that swarm clustering of OTUs is appropriate. 1080 

L235: Was the data trans-formed in anyway before making the dissimilarity matrix? I’m only asking 1081 
because it seems doing some type of transformation (e.g. Hellinger) is increasingly common. 1082 

We did do Square root transformations and Wisconsin double standardizations and added this for clarity 1083 
to the text. “… (NMDS) plots are based on Bray-Curtis dissimilarities of square root transformed and 1084 
double Wisconsin standardized OTU tables…” 1085 

Results: 1086 

L243: replace “were having” with “had” 1087 

We replace “were having” with “had” as suggested. 1088 

L244: why is Fig 2 c, d referenced before Fig 2 a, b.. did I miss the reference to a, b somewhere? 1089 

We made sure to mention Fig 2a,b before c,d. For graphical reasons we prefer, showing sea ice profiles 1090 
on top of sea water, which allows better comparisons of the water-sea ice interface. 1091 

L265: Are there any photos of the subglacial outflow described in L267-268? Since there is a lack of 1092 
field data at this time of year I think that these would be of value. 1093 

We do have a view photos that show the sampling location of the subglacial discharge water, but the 1094 
picture is not very clear since the liquid water was sampled below a layer of ice (Icing). We added the 1095 
photos showing different aspects of the outflow in the supplement with a description and arrows pointing 1096 
to where the sample was taken.  Fig S4c is from a video that clearly shows the liquid phase of the water 1097 
on top of the Aufeis after breaking the ice layer and disturbance.1098 

https://www.nature.com/articles/ismej2017119


 1099 
 1100 

Figure S4. Sampling site for the subglacial discharge water. a) Aufeis on land in front of the southern 1101 
part of the glacier and location of the ice cave shown in b-d (red arrow). b-d) Inside the ice cave with 1102 
red arrow pointing to the liquid water sampled. The liquid meltwater was mostly covered by a layer of 1103 
ice. Picture credits: a,c) Josef Elster, b) Marie Sabacka, d) Tobias Vonnahme. 1104 

L283: When reading about the very high nitrate+nitrite and silicate concentrations below the ice at SG 1105 
I found myself really wondering if this could be coming from the subglacial meltwater itself versus 1106 
upwelling of deeper marine waters. I believe you have data of the glacial meltwater itself? You mention 1107 
these samples in lines 101-102 .. and I see further on that you present this data in L295. I’d suggest re- 1108 
organizing so that this comes before the marine data. 1109 

We agree that the glacial meltwater data should be shown earlier to answer this question before it arises. 1110 
We moved the sentences about the subglacial outflow to the start of the paragraph. 1111 

L295: missing units for silicate in the outflow water 1112 

Thanks for spotting this omission. We add the units of µmol L-1 1113 

L300: The definition of conservative mixing is not quite right. The sentences in lines 300- 302 are 1114 
especially problematic. I see that the other reviewer has already adequately commented on this so I will 1115 
defer to those comments. In the rest of the paragraph I would avoid the words “positive mixing patterns” 1116 
and “positive relations”. I also found the color scheme in Fig 5 (red and pink) challenging to 1117 
interpretation. 1118 

Concerning the color scheme in Fig 5, we used the same colors as in the rest of the manuscript for 1119 
consistency. However, we agree that the colors appear too similar in Fig 5 and added a black outline to 1120 
the red circles which will help improve clarity while keeping it consistent. 1121 



Concerning the conservative mixing we changed the text in the following way as described in the 1122 
response to RW 1: 1123 

 1124 
“Nutrient versus salinity profiles can give indications of the endmembers (sources) of the nutrients (Fig. 1125 
5) based on a linear correlation indicating conservative mixing. A positive correlation indicates higher 1126 
concentrations of the nutrients in the saline Atlantic water endmember, while a negative correlation 1127 
points to a higher concentration in the fresh glacial meltwater endmember. Biological uptake and 1128 
remineralisation could weaken or eliminate the correlation, indicating non-conservative mixing. In the 1129 
water column at NG and IE, silicate (R2=0.66, p=0.008), NOX (R2=0.62, p=0.01) and phosphate 1130 
(R2=0.69, p=0.005) showed conservative positive mixing patterns with higher contributions of Atlantic 1131 
Water (Fig. 5a-c). At SG silicate was negatively correlated to salinity pointing to a higher concentration 1132 
in glacial meltwater (R2=0.86, p<0.0001). The absence of correlations for NOX and PO4 indicate non-1133 
conservative mixing pointing towards the relevance of biological uptake and release measurements (Fig. 1134 
5d-f).” 1135 
 1136 

L310: I echo the other reviewer that these calculations of nutrients supplied via upwelling vs the glacial 1137 
meltwater should be shown.. how were these calculated? What is the error on these calculations? This 1138 
paragraph needs more explanation for these values to be believed especially considering (as pointed out 1139 
by the other reviewer) the single outlier values that are driving the gradient in SG samples. Also, at SG, 1140 
it seems, at least from Fig 5 d-f, that the lower salinity water had higher silicate concentrations but these 1141 
concentrations were much higher than those reported for the glacial meltwater above. What is the source 1142 
of this silicate? 1143 
Concerning the source of silicate, we prefer to keep this as part of the discussion. (Se ch. 4.4.3 first 1144 
paragraph). Briefly, the mixing calculations show that the high Si values can be attributed to the subglacial 1145 
discharge water itself AND bottom water reaching the surface. So, the bottom water appears an important 1146 
source. 1147 
 1148 
Concerning the calculations and error estimates, we provided following response to RW1 (the error 1149 
estimates will be added to the text and table 1 (See above)) that explains our methodology and the 1150 
inclusion of text as appendix: 1151 
 1152 
We added the following calculations to the appendix. The mentioned outlier values in SG in the UIW 1153 
sample were not used for the mixing calculations as explained before. For the meltwater fraction at the 1154 
surface the error related to the average IE salinity is less than 0.1 % (see comment above), the main 1155 
variation of the % meltwater contribution in the surface layer of SG is related to the salinity at the surface 1156 
of SG (Fig. R1). We added the error estimate of 0.1 % to the table. For nutrients, the estimation error was 1157 
estimated based on the variability in the concentrations measured in the triplicates from each water type. 1158 
For NOx the estimated range of contribution by upwelling is thereby 57-59 % (± 1 %) bottom water, for 1159 
Silicate 89-95 % (± 3 %), and for phosphate 46-49 % (± 3 %). 1160 
 1161 
Equations. Mixing calculations for estimates of the fraction of meltwater (MWSal) based on salinity, and 1162 
for bottom water based on nutrient concentrations (BWNuts). Sal indicates the average salinities 1163 
measured at the IE (SalIE), SG at 1m depth (SalSG1m), subglacial outflow (Salglac). Nut indicates the 1164 
nutrient concentrations of nitrate and nitrite (NOX), silicate (Si), and phosphate (PO4) at 1m under the 1165 
sea ice at SG (Nut1mSG) and IE (Nut1mIE), the bottom water of the IE (NutBW), or subglacial outflow 1166 
water (Nutglac).1167 

 1168 

𝑀𝑀𝑀𝑀𝑆𝑆𝑆𝑆𝑆𝑆[%] =  
𝑆𝑆𝑆𝑆𝑆𝑆𝐼𝐼𝐼𝐼 −  𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆1𝑚𝑚

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆1𝑚𝑚 −  𝑆𝑆𝑆𝑆𝑆𝑆𝑔𝑔𝑆𝑆𝑆𝑆𝑔𝑔 +  𝑆𝑆𝑆𝑆𝑆𝑆𝐼𝐼𝐼𝐼 −  𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆1𝑚𝑚 
∗ 100 1169 

 1170 

𝑀𝑀𝑀𝑀𝑆𝑆𝑆𝑆𝑆𝑆[%] =  
34.7 𝑃𝑃𝑆𝑆𝑃𝑃 − 23.6 𝑃𝑃𝑆𝑆𝑃𝑃

23.6 𝑃𝑃𝑆𝑆𝑃𝑃 − 0 𝑃𝑃𝑆𝑆𝑃𝑃 + 34.7 𝑃𝑃𝑆𝑆𝑃𝑃 − 23.6𝑃𝑃𝑆𝑆𝑃𝑃
∗ 100 = 32 % 1171 

 1172 

𝐵𝐵𝑀𝑀𝑁𝑁𝑁𝑁𝑁𝑁[%] =
𝑁𝑁𝑁𝑁𝑁𝑁1𝑚𝑚𝑆𝑆𝑆𝑆 − 𝑀𝑀𝑀𝑀𝑆𝑆𝑆𝑆𝑆𝑆[%] ∗  𝑁𝑁𝑁𝑁𝑁𝑁𝑔𝑔𝑆𝑆𝑆𝑆𝑔𝑔 −  𝑁𝑁𝑁𝑁𝑁𝑁1𝑚𝑚𝐼𝐼𝐼𝐼 + 𝑀𝑀𝑀𝑀𝑆𝑆𝑆𝑆𝑆𝑆[%] ∗ 𝑁𝑁𝑁𝑁𝑁𝑁1𝑚𝑚𝐼𝐼𝐼𝐼  

𝑁𝑁𝑁𝑁𝑁𝑁𝐵𝐵𝐵𝐵 −  𝑁𝑁𝑁𝑁𝑁𝑁1𝑚𝑚𝐼𝐼𝐼𝐼

∗ 100 1173 

 1174 

𝐵𝐵𝑀𝑀𝑁𝑁𝑁𝑁𝑁𝑁[%] =  
6.52𝜇𝜇𝑀𝑀 − 0.32 ∗ 2.06 𝜇𝜇𝑀𝑀 − 3.27 𝜇𝜇𝑀𝑀 + 0.32 ∗ 3.27 𝜇𝜇𝑀𝑀

9.57 𝜇𝜇𝑀𝑀 − 3.27 𝜇𝜇𝑀𝑀
∗ 100 = 58 % 1175 



 1176 

𝐵𝐵𝑀𝑀𝑆𝑆𝑆𝑆[%] =  
4.30 𝜇𝜇𝑀𝑀 − 0.32 ∗ 1.79 𝜇𝜇𝑀𝑀 − 1.59 𝜇𝜇𝑀𝑀 + 0.32 ∗ 1.59 𝜇𝜇𝑀𝑀

4.46 𝜇𝜇𝑀𝑀 − 1.59 𝜇𝜇𝑀𝑀
∗ 100 = 92 % 1177 

 1178 

𝐵𝐵𝑀𝑀𝑃𝑃𝑁𝑁4[%] =  
0.41 𝜇𝜇𝑀𝑀 − 0.32 ∗ 0.09 𝜇𝜇𝑀𝑀 − 0.34 𝜇𝜇𝑀𝑀 + 0.32 ∗ 0.34 𝜇𝜇𝑀𝑀

0.67 𝜇𝜇𝑀𝑀 − 0.34 𝜇𝜇𝑀𝑀
∗ 100 = 46 % 1179 

 1180 

 1181 
Figure R1. Estimated fractions of glacial meltwater in the surface layer of SG. 1182 

 1183 

L333: Like the other reviewer I’m confused by the term “vertical export of Chl” – what it means, how 1184 
it was estimated, and what the errors on this estimate are. 1185 

See response to RW1 (The error is based on Chl a tripiclates and given in Fig. 6): 1186 
The vertical export flux of Chl a is based on Chl a measurements in the sediment traps. We first convert 1187 
the measured Chl concentrations (mg m-3) to mass (mg) in order to calculate the flux as the mass of 1188 
Chlorophyll a per unit area and time sedimenting to a certain depth. 1189 
 1190 
Change: 1191 
 1192 
This leads to higher (14 times) vertical export flux based on the sediment trap measurements than 1193 
production at IE and considerably lower (5 %) export than production at SG (Table 2). 1194 

 1195 

L337: “assuming absence of grazing”.. this doesn’t really seem realistic? 1196 

The assumption is necessary since we did not estimate grazing rates. If grazing would be considered the 1197 
loss rate would be higher. For clarity, we added following sentence. 1198 
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“As grazing was not estimated in this study, the suggested loss terms of Chl based on the sediment trap 1199 
data are likely underestimations.” 1200 

L348: I’d suggest explaining more fully again the goal of the “reciprocal transplant experiment” before 1201 
giving the results. 1202 

See changes in the methods: 1203 

“For testing the effect of the water chemistry on phytoplankton growth, we designed a reciprocal 1204 
transplant primary production experiment where the phytoplankton communities at SG and IE (1 m and 1205 
15 m) each were transplanted into sterile filtered water of both SG and IE. 50 ml of the water containing 1206 
the respective original phytoplankton community were transferred into 50 ml sterile filtered (0.2 μm) 1207 
seawater of SG or IE each in 100 ml polyethylene bottles. The bottles were then incubated in situ at the 1208 
original depth and primary production measured as described above. The aim of the experiment is to 1209 
test if water chemistry alone is sufficient to increase primary production, or if differences in algal 1210 
communities, light regimes, or temperatures are more important. These samples were incubated and 1211 
processed together with the other PP incubations at the adequate depths as described above.” 1212 

We also added a short introduction of the experiment to the results: 1213 

“The reciprocal transplant experiment aimed to show the effect of water chemistry on primary 1214 
production in the absence of effects related to different communities, temperature, or light. The results 1215 
(Fig. 7) showed clearly …” 1216 

Fig 6: The quality of this figure should be improved. The numbers in the parentheses are very difficult 1217 
to read. 1218 

For the final version the quality will be substantially better due to the use of vector files (pdf) instead of 1219 
png (as in the current pre-print file). We will also increase the font size of the error ranges in the 1220 
parentheses) 1221 

Fig 7: The x-axis with the experiment name are not clear. What does “com” stand for? 1222 

We wrote now “community” instead of “com” 1223 

Fig 8: Define UIW in the legend as you have for the other abbreviations 1224 

We wrote it now out as “Under ice water” as suggested. 1225 

L355-356: “The first [NMDS1] axis separated sea ice from water communities with no overlapping 1226 
samples”.. this really isn’t evident in Fig 8a.. sea ice is the square and what water and under ice water 1227 
samples are the triangles. These regularly are in the same ellipses, unless I’m missing something? Also, 1228 
is the glacier outflow sample actually a under ice water sample? What is the salinity of this sample? I 1229 
guess I’m wondering if this is a true non-marine glacial outflow sample or one that could be diluted by 1230 
marine water? I think this is an important point that needs to be clarified above. 1231 

We agree that the figure needs some clarifications. 1232 

1. We agree that sea ice and water samples are not directly separated by axis 1, but by axis 1 and 1233 
2 and remove the reference: “Sea ice and water communities are clearly separated with no 1234 
overlapping samples.” 1235 

2. The ellipses include subglacial meltwater (Salinity=0), glacier ice (Salinity=0), surface water and 1236 
sea ice at SG in 2019 and 2018, and the remaining water and sea ice samples (including deeper 1237 
water samples from SG). For clarity, we colored the ellipses. In the figure caption we added 1238 
following clarification: “… Groups highlighted in eclipses: glacier ice (top right), undiluted 1239 
subglacial outflow (top left), surface samples (UIW, sea ice) at station SG 2019 (top blue), 1240 
surface samples (1m water, sea ice) at 1241 



station SG 2018 (bottom blue) and others including deeper water samples at SG (bottom). The 1242 
fraction of shared OTUs (in %) are shown as lines scaled to the fraction [%] of shared OTUs. 1243 

3. We also used now a separate symbol for glacial outflow to avoid confusion about the origin 1244 
(under the sea ice, or from the subglacial outflow) 1245 

4. The aim of the eclipses is to support the discussion of OTU turnover between trhe subglacial 1246 
outflow and marine samples, which we use for a rough estimate of fluxes and connectivity. 1247 
Since we only do the analyses for 16S samples (due to short generation time and availability of 1248 
complete glacier samples), we did not show ellises for the eukaryotic communities. 1249 

L358-360: What was the stress on this NMDS? How robust is this ordination you show? I’m always 1250 
weary of interpreting the axes in this manner, i.e. axes one shows X and axes 2 shows Y .. i.e. similar to 1251 
how one might view a PCA. I agree that looking at Fig 8a your communities are different but I don’t 1252 
think you can go as far to say that axis 1 is separating ice vs water and axis 2 is separating glacial vs 1253 
marine. The ordination of this NMDS would likely change each time you ran it.. maybe something to 1254 
consider? 1255 

The stress values are given on top of the NMDS plots (0.07 for 16S, 0.14 for 18S and LM). The stress 1256 
values are indicative of a very good to good representation in the reduced dimensions. For clarity, we 1257 
added the information also in the figure caption. We removed the description of which axis separates 1258 
the community. With the R function used (metaMDS) the ordinations stay the same (The plot is 1259 
reproducible with the same code). 1260 

L371: “Overall the same NMDS clustering has been found as for the 16S rRNA sequencing” .. but in 1261 
the 18S plot (Fig 8b) no ellipses are drawn.. does this indicate that these group divisions were not 1262 
significant? The written text doesn’t seem to match the figure. 1263 

The aim of the eclipses is to support the discussion of 16S OTU turnover between the subglacial outflow 1264 
and marine samples, which we use to estimate fluxes and connectivity. Since we only do this analyses 1265 
for 16S samples (due to short generation time and availability of complete glacier samples), we did not 1266 
show ellipses for the eukaryotic communities. However, for comparability and due to descriptions of 1267 
clusters in the written text, we added the ellipses for Fig. 8b and c. We tested for significance using 1268 
ANOSIM and describe the significant (p<0.005) differences in the text. 1269 

Fig8c – the separation in the samples is quite striking on this NMDS. How come there are no ellipses 1270 
on this plot? Were the differences shown in the NMDS not significant? Could try a perMANOVA to 1271 
test the significance of differences between the groups perhaps? 1272 

For Fig 8c we prefer added the same ellipses. However, since the sampling design differs not all ellipses 1273 
are present. As described in the text, differences between sea water and sea ice are significant (ANOSIM, 1274 
p<0.005), but not the differences between SG surface samples, and other stations. For Fig 8c we also did 1275 
following changes in the text for clarity: “Furthermore sea ice species composition at SG station differed 1276 
from NG and IE (Fig. 8c).” 1277 

Discussion: 1278 

L388-391: These first few lines are a great summary and really the abstract and introduction needs to be 1279 
better set-up to frame these important points: (1) evidence for subglacial upwelling at a shallow tidewater 1280 
glacier under sea ice and (2) that this upwelling persists in the winter / spring and supplies nutrient-rich 1281 
glacial meltwater and upwelling of bottom water: : : I actually think part of the confusion is the use of 1282 
the term “upwelling” to describe the release of submarine discharge into the ocean and also the upwelling 1283 
of bottom water. Perhaps a change of language throughout would be helpful – i.e. saying “submarine 1284 
discharge” vs “subglacial upwelling”. And as per points above the case about nutrient-rich glacial 1285 
meltwater needs to be set-up and made earlier as it’s really a central finding. 1286 



The referee has a good point that subglacial upwelling and submarine discharge are two different 1287 
processes. We changed the terminology of submarine upwelling to submarine discharge where necessary 1288 
( e.g: “(1) evidence for submarine discharge at a shallow tidewater glacier under sea ice and 1289 
(2) that this submarine discharge persists in the winter”) throughout the manuscript. As mentioned 1290 
above, we also moved the results description of nutrients in subglacial meltwater to the beginning of the 1291 
nutrient section and added an introduction about the effect of water storage underneath a glacier over 1292 
winter on the water chemistry (silicate enrichment by prolonged contact with the bedrock -> weathering, 1293 
ion concentration by solute expulsion during freezing of stored meltwater) 1294 

L406: The phrasing “which does not allow basal glacial ice to melt” is unclear. The whole sentence is 1295 
too long and should be made into 2, but are the authors saying that because there is not Atlantic inflow 1296 
water there can be no basal ice melt? Basal ice melt can result from geothermal heat flux, overburden 1297 
ice pressure, and sliding friction. Warm ocean water is not the only mechanism. I suggest looking at a 1298 
textbook (e.g. the physics of glaciers) and reviews on this topic: e.g. Hubbard and Sharp, 1989 1299 

We realize that we used the wrong terminology here. We are discussing glacier terminus (glacier-marine 1300 
interface) ice melt, and not basal (glacier-bedrock interface) ice melt. We corrected the terminology 1301 
throughout the discussion. We also agree that the sentence can be splitted in 2. 1302 

L407: “Subglacial meltwater itself is unlikely to lead to basal ice melting due to its low salinity”. This 1303 
sentence is very unclear to me. I’m not sure what this sentence is saying or trying to say. 1304 

We agree that this sentence is very unclear and removed it. 1305 

L407-408: ”However, basal ice melt is likely more important in systems with Atlantic water inflows: : 1306 
:” as per above this seems to ignore the possibility of basal ice melt underneath temperate and 1307 
polythermal glaciers. This may not be what the authors mean but as written it reads this way. 1308 

As mentioned above, we meant glacier terminus ice melt and not basal ice melt and correct the 1309 
terminology. 1310 

L420: “remains from the previous melting season” is unclear. Can you specify what you mean by 1311 
remains. 1312 

We refer to fresh meltwater that entered the fjord during the previous melting season (summer), 1313 
remaining at the surface (due to its lower density) throughout winter due to limited mixing and 1314 
advection. We added following clarification: “may be meltwater introduced during the last summer to 1315 
fall melting season and remaining throughout winter.” 1316 

L433: Can you specify what data you are referring to when you say “estimated bacterial growth rates”. 1317 
I searched for this term in the paper and did not see it previously defined. It really should be so that the 1318 
basis for this calculation of doubling time is clear. 1319 

The estimated bacterial growth rate is given in table 2 as bacteria biomass production. We replaced the 1320 
term “growth rate” with “biomass production” for consistency and to add a reference to table 2 in the 1321 
text. 1322 

L442: Why does the supply have to be “constant” ? It seems like (from the methods) that samples for 1323 
community analyses were only taken once at each station? How does a single-time point sample give an 1324 
indication of the timescale of submarine discharge into the fjord? This might be a bit of a reach based on 1325 
the community data alone – suggest tempering this statement. 1326 

We agree that “constant” appears to be the wrong term. We used the term “continuous” instead. The 1327 
argument is that we assume that the Bacteria that are only present in subglacial outflow and surface SG 1328 
water are inactive and not growing. Considering the doubling time of the entire bacteria community, these 1329 
inactive not-growing bacteria would be replaced by active bacteria in the time frame of the 1330 



doubling time. In addition to overgrowth, inactive bacteria would also be exposed to losses due to 1331 
grazing, viral lysis, and sedimentation. We acknowledge that these assumptions are very simplified and 1332 
also added some terms to show the uncertainty of this estimate: “Thus, we suggest that the presence of 1333 
shared OTUs between SG and the glacial outflow may indicate a continuous supply of fresh inoculum to 1334 
sustain these taxa.” 1335 

L442-444: When you say the “southern part of the glacier” is this part on land or in the ocean? If it’s on 1336 
land you should specify. I also think that this assumption that this outflow is being released under the 1337 
marine-terminating portion can be backed up by your marine data? This sentence seems out of place 1338 
here. 1339 

Yes, we refer to the land-terminating part. We added the detail in the following way “land- terminating 1340 
part south of the glacier”.  1341 

We also agree that we have marine data to support this hypothesis (e.g. Salinity profiles). The observed 1342 
subglacial outflow on land is simply an additional piece of evidence. We replaced “the clearest evidence” 1343 
with “clear evidence” For clarification, we moved the observation of active subglacial outflow in the 1344 
chapter before: 1345 

“Clear evidence for outflow comes also from the visual observations of subglacial outflow exiting the 1346 
land-terminating part south of the glacier in October 2019, April 2018 and April 2019, which we assume 1347 
also occurred under the marine terminating front. In fact, subglacial outflows in spring have been 1348 
observed…” 1349 

L445- to end of paragraph: This explanation of glacier hydrology really needs to come earlier. As written 1350 
this whole section on the potential magnitude of upwelling is poorly organized. Suggest first setting it 1351 
up by talking about processes on the ice and then what’s happening in the ocean. 1352 

We addressed this comment by 1) introducing the glacier hydrology more extensively in the introduction 1353 
and 2) moving the section about glacier hydrology (442-451) to the end of chapter 4.1 since it is part of 1354 
the evidence for submarine discharge and not directly for the magnitude/ flux. 1355 

L456: “Our mixing calculations estimate”.. where are these calculations described? 1356 

See comment above. We added the equations and calculations to the appendix. 1357 

L457: At what depth is the submarine discharge exiting the glacier? I find myself wondering at what 1358 
depth these different water masses occur (can you specify this) and how deep the DLAWis being 1359 
entrained from? Is it sufficiently below the nutricline to be replete in nutrients? Also the calculated 1360 
entrainment factor of 1.6, how was this calculated exactly? And you state “which pulled 1.6 times more 1361 
DLAW” .. more than what? This is not clear. 1362 

Considering the estimated depth at the glacier terminus of 20 m, this would be the depth of the discharge 1363 
exiting the glacier. Nutrients are depleted at the surface, but not at 15m, indicating that the discharge 1364 
happens below the nutricline and has therefore the potential for upwelling. 1365 

We added this information in the following way: “Nutrients were depleted in the UIW, but not at 15 m 1366 
depth, showing that the nutricline had to be shallower than 15 m. Hence, submarine discharge at a glacier 1367 
terminus depth of 20 m would cause upwelling ofc nutrient rich DLAW to the surface.” 1368 

The entrainment factor is the proportion of contributions from DLAW to SGO at the surface (53% 1369 
DLAW: 32% SGO = 1.6 DLAW:SGO at 1m depth). We replaced “more” with “as much” for 1370 
clarification. We also specified the calculation by replacing the “(53%)” by “(53 % DLAW : 32 % SGO 1371 
= ratio of 1.6)” in the manuscript. 1372 

L458-459: “Fransson et al. (2020) found that 30-60% of glacier derived meltwater was incorporated in 1373 
the bottom sea ice : : : again indicating that it is a widespread process at marine terminating glacier fronts” 1374 
.. what is a widespread process? The release of submarine discharge and its incorporation into bottom sea 1375 
ice OR the entrainment of different water masses (i.e. DLAW) as the plume rises (as discussed in the 1376 
previous sentence). Again, this is a case in point of the organizational structure and lack of specificity of 1377 
terms “submarine discharge” vs “upwelling of bottom waters” to be a source of confusion. 1378 



We added following clarification “… indicating that winter/ spring submarine discharge and the 1379 
resulting formation of sea ice with low porosity is a widespread process…”. 1380 

L461: “Compared to the massive subglacial plumes of summer systems” .. where? This should be 1381 
specified .. different glaciers have widely different discharge fluxes. The citation seems to be from 1382 
Greenland but these glaciers will bear little resemblance to Svalbard, perhaps citing summer discharge 1383 
fluxes from Svalbard glaciers too would be useful – particularly from your study site if the intent of this 1384 
sentence is to contrast with spring discharge fluxes as seems to be the case. 1385 

We agree that the structure of the entire chapter needed improvement. Thus, we rewrote the entire chapter, 1386 
considering all comments. Concerning this specific comment, we specified the location and time of each 1387 
tidewater glacier system compared. We start with stating the conditions in our study, continue with the 1388 
most similar glacier on Svalbard, and finish with a wider picture by comparing the data to the larger and 1389 
deeper Greenland glaciers. 1390 

Changed chapter: 1391 

“To our knowledge, our study provides currently the only available estimate of subglacial upwelling in 1392 
early spring. Our study suggests that subglacial upwelling in spring causes in Billerfjorden a small volume 1393 
transport of only about >1.1 m3 m-2 month-1 (approx. 2 m3 s−1). This estimate is based on the flux of 1394 
nutrient rich bottom water needed to maintain the measured primary production assuming steady state 1395 
conditions and is therefore a rough, but conservative estimate. The most comparable estimate on the 1396 
magnitude of the upwelling is available at Kronebreen for summer. This Svalbard tidewater glacier is of 1397 
similar size and had one to two orders of magnitude higher upwelling rates compared to our study (31-1398 
127 m3 s-1, Halbach et al., 2019). Due to their size, summer subglacial upwelling in Greenland is two to 1399 
four times higher than at Kronebreen (250-500 m3 s-1, Carroll et al., 2016). In our study about 1.6 times 1400 
as much bottom water from about 20 m (DLAW) as subglacial outflow water (SOW) reached the surface 1401 
at SG (Entrainment factor of 1.6 – see above). The entrainment factor is mostly dependent on the depth 1402 
of the glacier front (Carroll et al., 2016). In fact, the glacier terminus at SG was shallower (approx. 20 m) 1403 
than any other studied tidewater glacier on Svalbard (70 m depth at Kronebreen, Halbach et al., 2019) or 1404 
Greenland (> 100 m, Hopwood et al., 2020), explaining the higher summer entrainment factors estimated 1405 
in Kongsfjorden (3, Halbach et al., 2019) and Greenland (6 to 10, Hopwood et al., 2020) are not surprising. 1406 
Glacier terminus depth appears to be the main control of entrainment rates, likely independent of the time 1407 
of the year. However, turbulent mixing may cause increased entrainment during times of very high 1408 
subglacial discharge rates. Kronebreen is the most comparable tidewater glacier to our study area in terms 1409 
of glacier terminus depth and entrainment rate. Although the estimated entrainment factor was low at 1410 
Kronebreen (3), it substantially increased summer primary production in Kongsfjorden (Halbach et al., 1411 
2019). Despite of the shallow depth, and the low discharge and entrainment rate of our study, subglacial 1412 
upwelling was the main mechanism to replenish bottom water with high nutrient concentrations to the 1413 
surface and substantially increased spring primary production due to; (i) submarine outflow below 1414 
(approx. 20 m) the nutricline (<15 m), (ii) the absence of any other terrestrials inputs, (iii) Atlantic water 1415 
blocked by a shallow sill (Skogseth et al., 2020), (iv) very weak tidal currents (Kowalik et al., 2015), (iv) 1416 
wind mixing blocked by sea ice in Billefjorden, and (v) undiluted subglacial meltwater having lower 1417 
nutrient concentrations than the DLAW.”1418 



The sentence mentioned by the RW was rewritten in the following way: “Our study suggests that 1419 
subglacial upwelling in spring causes in Billerfjorden a small volume transport of only about >1.1 m3 1420 
m-2 month-1 (approx. 2 m3 s−1). This estimate is based on the flux of nutrient rich bottom water needed 1421 
to maintain the measured primary production assuming steady state conditions and is therefore a rough, 1422 
but conservative estimate. The most comparable estimate on the magnitude of the upwelling is available 1423 
at Kronebreen for summer. This Svalbard tidewater glacier is of similar size and had one to two orders 1424 
of magnitude higher upwelling rates compared to our study (31-127 m3 s-1, Halbach et al., 2019). Due 1425 
to their size, summer subglacial upwelling in Greenland is two to four times higher than at Kronebreen 1426 
(250-500 m3 s-1, Carroll et al., 2016).” 1427 

L462: “subglacial upwelling in spring is a small volume transport”.. where is this data from? This study? 1428 
This should be explicitly stated. Suggest re-writing this entire sentence. Also, the last part of the sentence 1429 
regarding upwelling needed to maintain primary production should be a new sentence as this is a 1430 
different point then the discharge flux. 1431 

The data are from this study. We agree that this should be stated. We also agree that the information 1432 
“needed to maintain primary production should be moved to a seperate sentence. We rewrote the entire 1433 
chapter, considering all comments. As suggested by RW1 we also converted the discharge units of the 1434 
three studies (Greenland, Kongsfjorden, our study) to the same units for comparability. Concerning this 1435 
comment, following changes were made: 1436 

““Our study suggests that subglacial upwelling in spring causes in Billerfjorden a small volume transport 1437 
of only about >1.1 m3 m-2 month-1 (approx. 2 m3 s−1). This estimate is based on the flux of nutrient 1438 
rich bottom water needed to maintain the measured primary production assuming steady state conditions 1439 
and is therefore a rough, but conservative estimate.” 1440 

L464: “This careful estimate”.. I’d remove the word “careful”.. the more so because the sentence before 1441 
this one is unclear! Is this estimate of freshwater input for Billefjorden in the summer or spring? It’s 1442 
unclear. The estimate from the Halbach paper is I believe from the summer so you want to make sure 1443 
you are comparing like with like. 1444 

As pointed out by RW1, “careful estimate” is a misleading formulation. We replaced it with “rough, but 1445 
conservative”. We also realized that the reason for comparing our spring study with summer values is not 1446 
clear and specified that we do not know of any other spring studies with similar estimates. The study in 1447 
Kongsfjorden is the most comparable estimate to our study (glacier size, terminus depth, location). We 1448 
did following changes: “To our knowledge, our study provides currently the only available estimate of 1449 
subglacial upwelling in early spring. …. The most comparable 1450 



estimate on the magnitude of the upwelling is available at Kronebreen for summer. This Svalbard 1451 
tidewater glacier is of similar size and had one to two orders of magnitude higher upwelling rates 1452 
compared to our study (31-127 m3 s-1, Halbach et al., 2019).” 1453 

L465-466: The fact that you have less entrainment than the Hopwood study is really not surprising at all 1454 
considering the depth of discharge and flux of discharge at the much deeper, larger glaciers in that study. 1455 
I’m not sure what the purpose is of this statement? As written now it’s failing to provide relevance to this 1456 
study. 1457 

We agree that this fact is not surprising and rephrased the statement. We still argue that it is necessary 1458 
to compare entrainment rates and state that the glacier terminus depth is typically the controlling factor, 1459 
apparently independent of the time of the year. 1460 

“In our study about 1.6 times as much bottom water (DLAW) as subglacial outflow water (SOW) 1461 
reached the surface at SG (Entrainment factor of 1.6 – see above) through the upwelling process. The 1462 
entrainment factor is mostly dependent on the depth of the glacier front (Carroll et al., 2016). The glacier 1463 
terminus at SG was shallower (approx. 20 m) than any other studied tidewater glacier on Svalbard (70 1464 
m depth at Kronebreen, Halbach et al., 2019) or Greenland (> 100m, Hopwood et al., 2020). Hence, the 1465 
higher summer entrainment factors estimated in Kongsfjorden (3, Halbach et al., 2019) and Greenland 1466 
(6 to 10, Hopwood et al., 2020) are not surprising. Overall, glacier terminus depth appears to be the main 1467 
control of entrainment rates, likely independent of the time of the year. However, turbulent mixing may 1468 
cause increased entrainment during times of very high subglacial discharge rates.” 1469 

L466-467: “each volume of SGO water pulled about the same volume of DLAW with it to surface”.. 1470 
this is unclear.. do you mean each volume over a certain timeframe (a day? A week? A month?) .. what 1471 
is the volume exactly? What was the volume of DLAW entrained? This should be stated if you are 1472 
speaking about volumes here. And again the comparisons to the Hopwood study don’t’ seem relevant if 1473 
you are comparing to large Greenland glaciers. You should specify where and what type of glaciers in 1474 
the Hopwood review you are comparing too. 1475 

We refer to proportion of volumes (Vol DLAW : Vol SOW), which is a value comparable to chemical 1476 
volume percentages (e.g. 70% Ethanol in MQ vol/vol). Thereby an exact volume is meaningless. To 1477 
avoid confusion, we rephrased the sentence in the following way. 1478 

“In our study about 1.6 times as much bottom water (DLAW) as subglacial outflow water (SOW) 1479 
reached the surface at SG (Entrainment factor of 1.6 – see above)” 1480 

We also specified the type (depth, size, location) and time (summer) of the compared studies as 1481 
mentioned above. 1482 

To our knowledge, our study provides currently the only available estimate of subglacial upwelling in 1483 
early spring. ….The entrainment factor is mostly dependent on the depth of the glacier front (Carroll et 1484 
al., 2016). The glacier terminus at SG was shallower (approx. 20 m) than any other studied tidewater 1485 
glacier on Svalbard (70 m depth at Kronebreen, Halbach et al., 2019) or Greenland (> 100m, Hopwood 1486 
et al., 2020). Hence, the higher summer entrainment factors estimated in Kongsfjorden (3, Halbach et 1487 
al., 2019) and Greenland (6 to 10, Hopwood et al., 2020) are not surprising. Glacier terminus depth 1488 
appears to be the main control of entrainment rates, likely independent of the time of the year.” 1489 

L470: This is the first mention of the depth of the discharge. As you say, 20-m is quite shallow. Are 1490 
nutrient concentrations sufficiently high enough here to augment surface concentrations? In other words, 1491 
is this depth below the nutricline. 1492 

As mentioned above, we now mention the depth earlier in the chapter. We also provide information on 1493 
the depth of discharge in relation to nutricline (see comments above). 1494 



“The entrainment factor is mostly dependent on the depth of the glacier front (Carroll et al., 2016). The 1495 
glacier terminus at SG was shallower (approx. 20 m) than any other studied tidewater glacier on Svalbard 1496 
(70 m depth at Kronebreen, Halbach et al., 2019) or Greenland (> 100m, Hopwood et al., 2020).” 1497 

We also mentioned that the submarine discharge enters the fjord below the nutricline in the end of the 1498 
chapter. 1499 

“In spite of the shallow depth, and the low discharge and entrainment rate of our study, subglacial 1500 
upwelling appears to be the main mechanism to replenish bottom water with high nutrient concentrations 1501 
to the surface and can substantially increase spring primary production due to; (i) submarine outflow 1502 
below (approx. 20 m) the nutricline (<15 m), (ii) the absence of any other terrestrials inputs, (iii) Atlantic 1503 
water blocked by a shallow sill (Skogseth et al., 2020), (iv) very weak tidal currents (Kowalik et al., 1504 
2015), and (iv) wind mixing blocked by sea ice in Billefjorden, and (v) undiluted subglacial meltwater 1505 
having lower nutrient concentrations than the DLAW.” 1506 

L473-to end of paragraph: This seems to directly contradict previous statements regarding the glacial 1507 
meltwater discharge being enriched in nutrients (e.g. silicate?). Also many of the comparisons you are 1508 
making are to summer discharge fluxes and summer entrainments.. the spring discharge will of course 1509 
be lower but more chemically enriched from the glacial meltwater discharge? I think if you are going to 1510 
use the summer values to compare, which you might have to do out of necessity and lack of other 1511 
comparisons, you need to state so explicitly, and the limitations of such comparisons. 1512 

The glacial meltwater is enriched in silicate, considering its salinity (0) and compared to UIW and sea 1513 
ice at NG and IE, but not compared to the bottom water. We tried to clarify it by following statement: 1514 

“…(v) undiluted subglacial meltwater having lower nutrient concentrations than the DLAW” 1515 

As mentioned above, we fully agree with the confusions about the comparisons. We rewrote the entire 1516 
chapter in the following way: 1517 

“To our knowledge, our study provides currently the only available estimate of subglacial upwelling in 1518 
early spring. Our study suggests that subglacial upwelling in spring results in a small volume transport 1519 
of only about >1.1 m3 m-2 month-1 (approx. 2 m3 s−1). This estimate is based on the flux of nutrient 1520 
rich bottom water needed to maintain the measured primary production assuming steady state conditions 1521 
and is therefore a rough, but conservative estimate. The most comparable estimate on the magnitude of 1522 
the upwelling is available at Kronebreen for summer. This Svalbard tidewater glacier is of similar size 1523 
and had one order of magnitude higher upwelling rates compared to our study (31-127 m3 s-1, Halbach 1524 
et al., 2019). Due to their size, summer subglacial upwelling in Greenland is two to four times higher 1525 
than at Kronebreen (250-500 m3 s-1, Carroll et al., 2016). In our study about 1.6 times as much bottom 1526 
water from about 20 m (DLAW) as subglacial outflow water (SOW) reached the surface at SG 1527 
(Entrainment factor of 1.6 – see above). The entrainment factor is mostly dependent on the depth of the 1528 
glacier front (Carroll et al., 2016). In fact, the glacier terminus at SG was shallower (approx. 20 m) than 1529 
any other studied tidewater glacier on Svalbard (70 m depth at Kronebreen, Halbach et al., 2019) or 1530 
Greenland (> 100 m, Hopwood et al., 2020). Hence, the higher summer entrainment factors estimated 1531 
in Kongsfjorden (3, Halbach et al., 2019) and Greenland (6 to 10, Hopwood et al., 2020) are not 1532 
surprising. Glacier terminus depth appears to be the main control of entrainment rates, likely 1533 
independent of the time of the year. However, turbulent mixing may cause increased entrainment during 1534 
times of very high subglacial discharge rates. Kronebreen is the most comparable tidewater glacier in 1535 
terms of glacier terminus depth and entrainment rate. Although the estimated entrainment factor was 1536 
low at Kronebreen (3), it substantially increased summer primary production in Kongsfjorden (Halbach 1537 
et al., 2019). In spite of the shallow depth, and the low discharge and entrainment rate of our study, 1538 
subglacial upwelling appears to be the main mechanism to replenish bottom water with high nutrient 1539 
concentrations to the surface and can substantially increase spring primary production due to; (i) 1540 
submarine outflow below (approx. 20 m) the nutricline (<15 m), (ii) the absence of any other terrestrials 1541 
inputs, (iii) Atlantic water blocked by a shallow sill (Skogseth et al., 2020), (iv) very weak tidal currents 1542 
(Kowalik et al., 2015), (iv) wind mixing blocked by sea ice in Billefjorden, and (v) undiluted subglacial 1543 
meltwater having lower nutrient concentrations than the DLAW. Compared to the massive subglacial 1544 
plumes of summer systems (250-500 m-3 s-1, Hopwood et al., 2020), subglacial upwelling in spring is 1545 



a small volume transport with only about >1.1 m3 m-2 month-1 upwelling needed to sustain measured 1546 
surface primary production. This careful estimate translates to a freshwater input for Billefjorden of at 1547 
least 1.76 x 105 m3 day-1, which is one order of magnitude lower than summer values at Kronebreen 1548 
(2.7 × 106 m3 day−1, Halbach et al., 2019), a Svalbard tidewater glacier of similar size. In addition, less 1549 
bottom water was entrained with subglacial outflow water (lower entrainment factor) compared to other 1550 
subglacial upwelling studies (e.g. Hopwood et al.,2020). In our study, each volume of SGO water pulled 1551 
about the same volume of DLAW with it to the surface (Entrainment factor of 1.6 – see above). This 1552 
value is low compared to other entrainment factor estimates ranging mostly between 6 and 10 (Hopwood 1553 
et al., 2020). The entrainment factor is mostly dependent on the depth of the glacier front (Hopwood et 1554 
al., 2020), which can explain the low rate at Nordenskiöldbreen in Billefjorden, with an estimated depth 1555 
of 20 m at the terminus (based on CTD cast at terminus in April 2018, data not shown). Kronebreen with 1556 
a glacier terminus depth of about 70 m and an entrainment factor of 3 is the most comparable tidewater 1557 
glacier to Nordenskiöldbreen, where these fluxes were estimated. Although entrainment rate was low, it 1558 
substantially increased summer primary production in Kongsfjorden (Halbach et al., 2019). In spite of 1559 
the low discharge and entrainment rate of our study, subglacial upwelling appears to be the main 1560 
mechanism to replenish bottom water with high nutrient concentrations to the surface and can 1561 
substantially increase spring primary production due to; i) the absence of any other terrestrials inputs, 1562 
ii) Atlantic water blocked by a shallow sill (Skogseth et al., 2020), iii) very weak tidal currents (Kowalik 1563 
et al., 2015), and iv) wind mixing blocked by sea ice in Billefjorden.” 1564 

L480: The word “Surprisingly” seems to not be the right word choice here. 1565 

We removed the word “Surprisingly”. 1566 

L438: “Substantial subglacial upwelling” .. I’m unclear was to what you are referring to here – is this 1567 
submarine discharge of glacial meltwater or upwelling of bottom waters? In either case the word 1568 
“substantial” seems ill-advised here given the preceding discussion and should be removed. Could it be 1569 
that you didn’t observe much light limitation because the plumes were not that “massive” (compared to 1570 
summer).. i.e. you just have a much smaller discharge flux and therefore plume in the spring? This seems 1571 
likely and unsurprising. 1572 

We agree that the formulation is misleading and removed it. 1573 

L485-86: Unclear what the phrase “where light is not considered limiting” is referring too. 1574 

We specified in the following way: “where light sufficient for photosynthesis”. Line 511: 1575 

“rations” should be “ratios”? 1576 

We replaced the term “rations” with “ratios”. 1577 

L515: Can you really call it “deep water upwelling” if the water is being entrained from only 20-m? 1578 
This is problematic (at least for me) and needs to be clearly addressed I think. 1579 

We replaced the term “deep water” with “bottom water”. 1580 

L517-519: The discussion on iron seems unrelated and as written is unconvincing. 1581 

We consider a short discussion of iron important for a comprehensive discussion. Without the 1582 
information the reader may consider iron as important micronutrient not considered and potentially 1583 
important, which would weaken the robustness of the study. By acknowledging that iron may be 1584 
imported in large amounts, but is not limiting in coastal Arctic systems, we clarify this potential question 1585 
briefly. We added following clarification and an additional reference: “However, iron limitation typically 1586 
does not occur coastal Arctic systems (Krisch et al., 2020).” 1587 

L520: “nutrient concentrations may simply be higher due to the shallower depth at SG” .. why? It’s 1588 
unclear what you are trying to say. Suggest re-writing with more detail and explicity. 1589 

Nutrients are typically higher close to the sea floor due to benthic regeneration of organic matter in the 1590 
sediments. If the surface water is only 30m over the bottom, vertical mixing via diffusion or advection 1591 
needs consequently less time and/or physical forcing than at 150 m depth. We added following 1592 



clarification: “nutrient concentrations may be higher due to less physical forcing and time needed for 1593 
vertical mixing at the shallower SG compared to IE. 1594 

L529: Was the Frasson study done at this same site? 1595 

No the study was done at the neighboring fjord. We added the information in the following way: “The 1596 
role of bedrock derived minerals and particles for composition of sea ice chemistry have been described 1597 
in detail in the neighboring fjord (Tempelfjorden) by Fransson et al. (2020).” 1598 

L530: “The values” .. vague.. specify what kind of values you are referring to. 1599 

We replaced “The values”, with “Silicate concentrations”1600 



L535: Paragraph ending here is rambling and needs to be re-written. Suggest taking out the iron since 1601 
you have no data on this to compare. 1602 

We agree and removed the last sentence about iron. 1603 

L536: “related”.. what do you mean by this word? Specify. 1604 

We added following clarification: “…which was introduced via subglacial upwelling in 1605 
Kongsfjorden…” 1606 

L538: Were are you proposing this nitrification is occurring? In the ocean or in the glacial meltwater? 1607 
Could the high nitrate come from the subglacial waters itself? See papers by Beaton et al. in Greenland, 1608 
Jemma Wadham, Boyd et al., 2011 (AEM) and Wynn et al., 2007 (Chemical Geology). Do you have 1609 
measurements of the outflow un-diluted by seawater so you can rule this possibility out? 1610 

We propose the nitrification to happen in the UIW. We added the following information: 1611 
“Ammonium regeneration and subsequent nitrification under the sea ice…”. We disregard high 1612 
nitrate inputs from the glacial meltwater itself since we did not measure high nitrate concentration in 1613 
our samples from the outflow of undiluted meltwater (see Table 1). For clarification we added the 1614 
following statement: “Nitrate can be supplied through the subglacial meltwater itself (Wynn et al., 1615 
2008), however we did not find high nitrate concentrations in the undiluted subglacial outflow water 1616 
in our study.” 1617 

L566: Were you able to resolve any low-light level species in your molecular community composition 1618 
data to back this statement up? 1619 

In general, diatoms are know to be quite well adapted to low light levels. Diatoms were also the most 1620 
common taxon of the UIW phytoplankton community (based on light micsroscopy, which is more 1621 
quantitative). We added a statement of the capability of diatoms to grow under low light conditions. 1622 
“In particular diatoms, the most common taxa of under ice phytoplankton blooms (von Quillfeldt, 1623 
2000, this study) are known to be well adapted to low light conditions (Furnas, 1990).” 1624 

Furnas MJ (1990) In situ growth rates of marine phytoplankton: approaches to measurement, 1625 
community and species growth rate. J Plankton Res 12:1117–1151 1626 

L581: “their” .. unclear what this is referring to. 1627 

We replaced “their production” with “primary production” 1628 

L646: “In winter and spring, this would result in the lack of subglacial upwelling”.. but with more 1629 
melt there would be longer melt seasons and presumably more submarine discharge and associated 1630 
upwelling 1631 
– at least in the shorter term? 1632 

We added following information: “In the shorter term, a longer melt season and presumably increased 1633 
submarine discharge may lead to increased subglacial upwelling in winter and spring. However, on 1634 
longer time scales , tidewater glaciers will retreat and transform towards land terminating glaciers 1635 
(Błaszczyk et al., 2009), which would result in the lack of subglacial upwelling and systems more 1636 
similar to the IE with less nutrients and light available for phytoplankton.” 1637 
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