Authors’ response to RW 1:

We want to thank the reviewer sincerely for the thorough and very helpful review. We addressed all
comments as described below and believe that the changes improved the manuscript considerably.
We used following font colors and highlighting for the changes:
- Grey text: Reviewers comments
Black text: Our response
Red text: Text from the manuscript with the changes
Yellow highlights: Parts of the manuscript that we changed

We agree that the current formulation is inadequate, since not all fjords have tidewater glaciers, and the
primary production in these tidewater-influenced fjord is typically high compared to other summer
systems, but not high compared to spring blooms.

We did the following change:

Subglacial upwelling of nutrient rich bottom water can sustain elevated summer primary production in
tidewater glacier influenced fjord systems.

We agree that sea-ice loss is certainly important and should be discussed together with the glacier
retreat.

We did following change in the abstract:

We suggest that climate change caused retreat of tidewater glaciers could lead to decreased under-ice
phytoplankton primary production, while sea ice algae production and biomass may become
increasingly important, unless sea ice disappears before, in which case spring phytoplankton primary
production may increase.

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

We agree that time and advection are also important here. While phytoplankton biomass increases
towards a bloom, it is already advected away from the glacier front.

We did following change (including suggestions by RW 2):

Primary production is typically low in direct proximity to the glacier front (hundreds of meters to
kilometres, Halbach et al., 2019) due to high sediment loads of the plumes absorbing light and thereby
inhibit primary production close to the glacier front., but potentially also due to lateral advection (Meire
et al., 2016ab; Halbach et al., 2019).

We agree that the formulation need clarification. There are indeed studies on the subglacial upwelling in
winter and spring, but they are rare, compared to summer studies.

We add the suggested references and did following change (including suggestions by RW 2):

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

We agree and did following change:
In addition to subglacial discharge at the grounding line, tidewater glacier related upwelling mechanisms
can also be caused by the melting of deep icebergs (Moon et al., 2018), or the melting of the glacier

terminus in contact with warm seawater (Moon et al., 2018, Sutherland et al., 2019).

We added the references by Moon et al. (2018) and Sutherland et al. (2014)
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Moon, T., Sutherland, D. A., Carroll, D., Felikson, D., Kehrl, L., and Straneo, F.: Subsurface iceberg melt
key to Greenland fjord freshwater budget, Nat Geosci, 11(1), 49-54, https://org/10.1038/s41561-017-
0018-z, 2018.

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

We agree that some support in form of references and data is helpful here. We added a short reference
to a study at Hansbreen, another polythermal Svalbard tidewater glacier. The study monitored SPM
throughout the year and found the lowest SPM value in winter and spring at a depth of about 5-10 m,
which fits to our study. The origin is resuspension, as well as subglacial discharge.

We added following detail to the introduction:

Sediment inputs into the fjord during this time of the year are low with peaks deeper in the water column,
indicating limited impacts on surface primary production (Moskalik et al., 2018).

Moskalik, M., Cwigkata, J., Szczuciriski, W., Dominiczak, A., Gtowacki, O., Wojtysiak, K., and Zagérski, P:
Spatiotemporal changes in the concentration and composition of suspended particulate matter in front
of Hansbreen, a tidewater glacier in Svalbard, Oceanologia, 60(4), 446-463 2018.

We changed the text accordingly (including suggestions by RW 2):

We suggest that in the absence of wind induced mixing, due to the seasonal presence of fast ice cover in
spring, submarine discharge of glacial meltwater can directly (ion enrichment over the subglacial storage
period) or indirectly (upwelling) be a significant source of inorganic nutrient increasing primary
production in front of tidewater glaciers compared to similar fjords without these glaciers. Especially after
nutrients supplied via winter mixing are incorporated into algal biomass (Leu et al. 2015) this additional
nutrient source may become important.

We clarified the statement in the following way and added a reference:

Higher glacial melt rates and earlier runoffs may initially increase tidewater glacier induced upwelling,
due to increased subglacial runoff (Amundson and Carroll, 2018). However, their retreat and
transformation into shallower tidewater glacier termini may lead to less pronounced upwelling, unless
the shallower grounding line is compensated by the increased runoff (Amundson and Carroll, 2018).
Eventually, the tidewater glaciers transform into land terminating glaciers, where wind induced mixing
is still possible, but subglacial upwelling is eliminated (Amundson and Carroll, 2018) — potentially
reducing primary production.



163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183

184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207

208
209
210
211
212
213
214
215
216

We estimated the approximate depth based on bathymetric maps and added the information to the
manuscript:

The fjord is separated from Isfjorden, a larger fjord connected to the West Spitsbergen current, by a
shallow approximately 30 to 40 m deep sill (Norwegian Polar Institute, 2020),...

Sea ice is typically melted in in sterile filtered seawater to avoid osmotic shock and lysis of organisms in
the ice. Microorganisms in the ice live mostly in brine channels with high salinity, while the frozen ice
around is very fresh. Melting the ice around would lead to an overall very low salinity, leading to severe
stress to the high-salinity adapted organism.

We added following information:

..were melted in 50 % vol/vol sterile filtered (0.2 um Sterivex filter, Sigma-Aldrich, St. Louis, MO, USA)
seawater to avoid osmotic shock of cells (Garrison and Buck 1986), ...

Garrison, D. L., and Buck, K. R.: Organism losses during ice melting: a serious bias in sea ice community
studies, Polar Biol 6:237-239, 1986.

Since it is the beginning if a sentence we changed it to “One metre”.

For the mixing calculations, we used initially the salinity of meltwater (0 PSU) and the bottom water at
the glacier front. However, we realize that the average salinity of the well-mixed water column at the ice
edge reference site with a salinity of 34.7 is better suited for the calculations. We changed the salinity
and added the information where the value comes from and what the standard deviation is. Since the
value of 34.7 as the bottom water endmember is very stable, variations would lead to <1% changes in the
estimate of the calculations.

We did following changes:

The fraction of fjord water vs subglacial meltwater for the water samples was calculated assuming
linear mixing (Equations 1-2) of the two water sources with different salinities (glacial meltwater salinity
=0 PSU, average seawater salinity at IE=34.7 + 0.03 standard deviation), since no other water masses in
regard to temperature or salinity signature were present (Table 1). The variability of the IE sea water
salinity leads to a small ( 0.1 %) uncertainty in the estimated value of the relative contributions of sea
water vs subglacial meltwater.

We gave details about the phytoplankton net hauls in line 181, but changed the term net haul to
“phytoplankton net” for clarity.

Change:

For qualitative counting of algal communities, the phytoplankton net and bottom sea-ice samples
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We agree that these exceptionally high values have to be treated carefully. We took great care during the
nutrient analysis itself and the calibration of the auto-analyzer, and we have no indications on instrument
caused errors in our data record. Local remineralization and dissolution of algae biomass at the sea ice-
water interface may provide part of the explanation, but other anomalies cannot be excluded since the
values are indeed driven by only one sample with no correspondance or obvious source in the values
below or above. Thus, we did not use this value for any mixing calculations or estimates, but used instead
the value 1 m under the sea ice for all further calculations. The 1 m value is more consistent with the
measurements in the water column below and sea ice above. Thus the exceptionally high values had been
considered as outliers and not used in our estimates.

We did following change:

where NOx (10 pmol L) and silicate (19 umol L) levels were exceptionally high (Fig. 4). As these values
are driven by a single sample, we cannot exclude anomalies to be responsible for these high values.
Wetherefor used the values measured 1 m under the sea ice for further calculations in this manuscript
as surface water reference.

We added a more thorough discussion of the N:P ratios, including the suggested reference in the
following way:

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

We corrected the paragraph in the following way:
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Nutrient versus salinity profiles can give indications of the endmembers (sources) of the nutrients (Fig. 5)
based on a linear correlation indicating conservative mixing. A positive correlation for example would
indicate conservative mixing (assuming high salinityindicates higher concentrations of the nutrients in
the saline Atlantic water endmember had, while a negative correlation points to a higher concentrations
than melt water) in the fresh glacial meltwater endmember. Biological uptake and remineralisation as
well as physical processes, such as external inputs by meltwater could inverse or weaken or eliminate the
correlation, indicating non-conservative mixing. In the water column at NG and IE silicate (R2=0.66,
p=0.008), NOX (R2=0.62, p=0.01) and phosphate (R2=0.69, p=0.005) showed conservative positive mixing
patterns with higher contributions of Atlantic water (Fig. 5a-c). At SG silicate was negatively correlated to
salinity showed a negative correlation for silicate pointing to a higher contributionconcentration ofin
glacial meltwater (R2=0.86, p<0.0001). The absence of but not positive relationscorrelations for NOX and
PO4 indicate non-conservative mixing pointing towards the relevance of biological uptake and release
measurements (Fig. 5d-f).”

We also corrected the figure legend of Fig. 5 (See below).

We added following calculations to the appendix. The mentioned outlier values in SG in the UIW sample
was not used for the mixing calculations as explained above. For the meltwater fraction at the surface
the error related to the average IE salinity is less than 0.1 % (see comment above), the main variation of
the % meltwater contribution in the surface layer of SG is related to the salinity at the surface of SG (Fig.
R1). We added the error estimate of 0.1 % to the table. For nutrients, the error was estimated based on
the variability in the concentrations measured in the triplicates. For NOx the estimated range of
contribution by upwelling is thereby 57-59 % (+ 1 %) bottom water, for Silicate 89-95 % (+ 3 %), and for
phosphate 46-49 % (+ 3 %). We added the error estimates to the text and table.

Equations. Mixing calculations for estimates of the fraction of meltwater (MWs,) based on salinity, and
for bottom water based on nutrient concentrations (BWnus). Sal indicates the average salinities measured
at the IE (Salg), SG at 1m depth (Salsgim), subglacial outflow (Salgac). Nut indicates the nutrient
concentrations of nitrate and nitrite (NOX), silicate (Si), and phosphate (PO4) at 1m under the sea ice at
SG (Nutimss) and IE (Nutimie), the bottom water of the IE (Nutsw), or subglacial outflow water (Nutgac).

Saljp — Salsgim
Mo T96] = 100
sa1[%] Salggim — Salglac + Saljp — Salggim )

W [58] 34.7 PSU — 23.6 PSU 100 = 329
= * =
sall”21 = 53 6 PSU — 0 PSU + 34.7 PSU — 23.6PSU 0

Nutymsg — MWsq[%] * Nutgiae — Nutyp,, + MWsq[%] * Nutyyy,,,

100
Nutgy — Nutyp,, i

BWyut [%] =

6.52uM — 0.32 % 2.06 uM — 3.27 uM + 0.32 * 3.27 uM

430 uM —0.32 % 1.79 uM — 1.59 uM + 0.32 * 1.59 uM
BWs;[%] = 246 M — 1.59 M 100 = 92 %

0.41 uM — 0.32 * 0.09 uM — 0.34 uM + 0.32 = 0.34 uM
BWps[%] = 0.67 iV — 0.34 M * 100 = 46 %
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Figure R1. Estimated fractions of glacial meltwater in the surface layer of SG.

The vertical export flux of Chl a is based on Chl a measurements in the sediment traps. We first convert
the measured Chl concentrations (mg m=3) to mass (mg) in order to calculate the flux as the mass of
Chlorophyll a per unit area and time sedimenting to a certain depth.

Change:

This leads to higher (14 times) vertical export flux based on the sediment trap measurements than
production at IE and considerably lower (5 %) export than production at SG (Table 2).

The sediment traps are cylindrical bottles, filled with sterile filtered water, incubated at different depths
for about 1 day. The material (e.g. Chl a) sedimenting out (vertical flux) is collected in these cylinders.
Since we know the concentration of Chl a in the sediment trap (C in mg m3) and the volume of the
cylinders (Vin m3), we can calculate the mass of Chl a sedimenting into the trap (mg). With the knowledge
of the area above the sediment trap opening (A = m?) we can calculate the amount of Chl per area (mg
m2). With the information of the exact incubation time (t in days), we can then calculate the vertical flux
(mg m2d?). The calculation is described in Wiedmann et al. (2016), but we also added the equation below
to the appendix.

CxV
Axt

Vertical flux =

We added our estimate in the same unit:

To our knowledge, our study provides currently the only available estimate of subglacial upwelling in early
spring. Our study suggests that subglacial upwelling in spring causes in Billefjorden a small volume
transport of only about >1.1 m3 m-2 month-1 (approx. 2 m3 s-1). ..The most comparable estimate on
the magnitude of the upwelling is available at Kronebreen for summer. This Svalbard tidewater glacier is
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of similar size and had one to two order of magnitude higher upwelling rates compared to our study (31-
127 m3 s-1, Halbach et al., 2019).

We agree and did following change:

This estimate is based on the flux of nutrient rich bottom water needed to maintain the measured primary
production assuming steady state conditions and is therefore a rough, but conservative estimate.

We removed one of the sentences.

We cited now Carroll et al., 2016 instead. Carroll et al. (2016) also reviews different studies, but for
coming to a conclusion of the depth of the glacier front being related to the amount of upwelling, requires
areview, or meta-analyses. Since we use the citation as evidence for this specific relationship, we suggest
this review as most appropriate. The physical studies alone do not have sufficient data to come to this
conclusion.

Carroll, D., Sutherland, D. A., Hudson, B., Moon, T., Catania, G. A., Shroyer, E. L., Nash, J. D.,
Bartholomaus, T. C., Felikson, D., Stearns, L. A., Noél, B. P. Y., and van den Broeke, M. R.: The impact of
glacier geometry on meltwater plume structure and submarine melt in Greenland fjords, Geophys. Res.
Lett., 43, 9739-9748, https://doi.org/10.1002/2016GL070170, 2016.

We added the information already in the methods description.

We added following clarification:
... Where light is sufficient for photosynthesis.

We agree that the review is not the most appropriate reference and added the study by Krisch et al.
(2020) instead.

We suggest that at a shallower water depth, less physical forcing not necessarily related to subglacial
upwelling (e.g. tides (low in Adolfbukta), currents, or wind (unlikely under sea ice), is needed for vertical
mixing leading bottom water to reach the surface.

We added following clarification:
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Besides the subglacial upwelling, nutrient concentrations may simply be higher due to due to lower
physical forcing and time needed for vertical mixing at the shallower water depth at SG compared to IE,
facilitating vertical mixing down to the bottom.

We did following correction:

The differences in the relation of nutrient concentrations versus salinity indicate, that glacial meltwater
was not a major source for N and P at SG while the different relation for Si provide evidence for supply
through meltwater inflow (Hopwood et al., 2020).

We are quite confident that the values are low, but would be thankful if the reviewer has any suggestions
for references with lower Silicate values in glacial outflow water in Greenland. Overall, the data for glacial
outflow in Greenland are sparse. We do not think comparing Arctic rivers with our measurements of
subglacial outflow would be useful, since additional processes, including additional weathering and
uptake by freshwater diatoms would play a role. Overall, rivers have also higher Silicate values. The only
samples with lower concentrations than our study are from icebergs (Meire et al., 2016a). The other
values in the study by Meire et al. (2016a) are measured from glacial rivers, with the lowest value of 3.4
umol L1, the lowest mean value of 5.5 pmol L and typical mean values around 10 pmol L. For clarity,
we added the values of our study and the range of the values from Greenland.

The nutrient concentrations in subglacial outflow water were lower (<1.5 — 2 umol L) than estimates in
Greenland (Hawkings et al., 2017: 0.8-41.4 average 9.6 pmol L', Hatton et al., 2019: 9.2-56.9 average
20.8 pmol L, Cape et al., 2019: 10 + 8 umol L?), indicating that direct fertilisation in spring may be even
more important in other tidewater glacier influenced fjords.

As indicated by rather low silicate concentrations in the subglacial outflow water, we suggest that the
bedrock below Nordenskigldbreen is overall poor in silicate, at least at the areas, where the subglacial
drainage system is in contact with the bedrock. We did following change:

However, bottom water nutrient concentrations were similar at SG and IE, indicating a limited role of
higher silicate inputs from sediment, presumably due to silicate-poor subglacial bedrock.
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We agree and removed the sentence, since the information about iron is already given above.

Since atmospheric inputs can be an important N source for sea ice algae, we kept the discussion.
Especially at the SG station, we found high biomass of sea ice algae higher up in the ice, indicating that
atmospheric inputs may play a role and need to be discussed.

The value is given in a table (Table 1 in Hopwood et al., 2020) and is based on many different studies (6
fiords, 33 datapoints), which makes citing one original research paper tricky. Discussing all studies
separately would repeat the review effort of Hopwood et al. (2020) and go beyond the scope of our
discussion. Thus, we kept the review article as main reference. We added however the range of PP in
tidewater influenced fjords for clarification.

For a comparison of Kongsfjorden as a similar system on Svalbard, we also agree that adding more specific
references to van de Poll et al. (2018) and Hodal et al. (2012) is helpful.

We did following changes:

The integrated primary production to 25 m at SG of 42.6 mg C m?2 d! is low compared to values from
other marine terminating glacier influenced fjord systems in summer with mean integrated NPP of 480
+403 mg C m2d? (reviewed by Hopwood et al., 2020), including studies in Kongsfjorden on Svalbard (250
-900 mg C m? d%, Van de Poll et al. 2018). A study conducted during a similar time window as ours (1
May) observed higher primary production rates in a marine-terminating glacier influenced fjord system,
in Kongsfjorden (1520-1850 mg C m-2 d-1, Hodal et al., 20120).

Our main support is the paper by Hegseth et al. (2019), which describes microalgae derived from
sediment upwelling/mixing in the fjord as crucial source of inoculum for a spring bloom. Especially in
Billefjorden with little Atlantic water inflow due to the shallow sill, slow tidal currents, and a suspected
net advection away from the glacier front, we expect this mechanism to also be important in Billefjorden.
However, based on your literature, we realize that this hypothesis is not widely accepted and formulated
the statement more carefully.

We did a more careful discussion in the following way:

..., may be a viable seed community for summer phytoplankton blooms, once the sea ice disappears and
light levels increase (Hegseth et al., 2019).

We agree and gave the range instead of the average. We also add a reference citing the original study,
instead of the review by Leu et al. (2015).



525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
577
578
579
580

Only Greenland fjords (0.1-3.3 mg Chl m?) or pre- and post-bloom systems had comparably low biomass
(Mikkelsen et al., 2008, Leu et al., 2015).

We changed the term “limited” to “deficient”.

We agree and realize that this discussion is not crucial for the paper and, thus, removed it.

We referred to 8.3 not -8.3 and corrected the error.

We agree that sea-ice cover and changes with climate change need to be discussed here and did following
additions:

Another impact of climate change will be the reduction and earlier break-up of sea ice and Atlantification
of fjords, leading to increased light, and wind mixing. In the ice free Kongsfjorden, higher primary
production rates have been measured in the same month, indicating that the lack of sea ice may lead to
increased overall primary production (lversen & Seuthe, 2010). However, Kongsfjorden is still influenced
by subglacial upwelling, supplying nutrients for the bloom (Halbach et al., 2017). In systems not affected
by subglacial upwelling the additional light will most likely not lead to substantially higher primary
production as indicated by lower measured rates in these type of fjords (Hopwood et al., 2020). Since the
entrainment in our study occurs at only approximately 20 m depth, upwelling under sea ice-free
conditions would have much less effect, since wind induced vertical mixing plays a more important role.
Direct silicate fertilisation would also have less effect in an ice-free fjord since the fjord phytoplankton
biomass is likely more nitrate than silicate limited, due to the later stage of the spring bloom (Hegseth et
al., 2019). In summary, we suggest that subglacial upwelling in early spring is important for phytoplankton
blooms, but only in a sea-ice covered fjord. The future of the spring phytoplankton blooms depends on
what happens first, disappearance of sea ice, or retreat of the glacier to land.

Our main support is the paper by Hegseth et al. (2019), which describes microalgae derived from
sediment upwelling/mixing in the fjord as crucial source of inoculum for a spring bloom. Especially in
Billefjorden with little Atlantic water inflow due to the shallow sill, slow tidal currents, and a suspected
net advection away from the glacier front, we expect this mechanism to also be important in Billefjorden.
However, since the support lies in another study and not in our data, we removed this sentence.
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We removed all references to summer and focus on spring changes and extend our discussion on sea-ice
retreat, timing of the bloom and sea-ice retreat vs glacier retreat effects in the following way (See
response to comment on line 644):

Another impact of climate change will be the reduction and earlier break-up of sea ice and Atlantification
of fjords, leading to increased light, and wind mixing. In the ice free Kongsfjorden, higher primary
production rates have been measured in the same month, indicating that the lack of sea ice may lead to
increased overall primary production (lversen & Seuthe, 2010). However, Kongsfjorden is still influenced
by subglacial upwelling, supplying nutrients for the bloom (Halbach et al., 2017). In systems not affected
by subglacial upwelling the additional light will most likely not lead to substantially higher primary
production as indicated by lower measured rates in these type of fjords (Hopwood et al., 2020). Since the
entrainment in our study occurs at only approximately 20 m depth, upwelling under sea ice-free
conditions would have much less effect, since wind induced vertical mixing plays a more important role.
Direct silicate fertilisation would also have less effect in an ice-free fjord since the fjord phytoplankton
biomass is likely more nitrate than silicate limited, due to the later stage of the spring bloom (Hegseth et
al., 2019). In summary, we suggest that subglacial upwelling in early spring is important for phytoplankton
blooms, but only in a sea-ice covered fjord. The future of the spring phytoplankton blooms depends on
what happens first, disappearance of sea ice, or retreat of the glacier to land.

We added the missing data to the DATAVERSE archive.

We uploaded a figure with higher quality and thicker lines. For the final paper, we will submit vector
based PDF files for each figure.

As mentioned above, these values are based on 1 sample (UIW at SG for NOX and Silicate) and may well
be outliers or anomalies based on sampling artifacts, or locally high remineralization/dissolution rates.
Thus, we highlight them as outliers in the text and do not use them for the mixing calculations, or detailed
discussions.

As mentioned above, we agree and changed the text in the manuscript and figure legend accordingly.

Change in the figure legend:



637  Fig 5. Linear salinity-nutrient correlations of NG and IE water samples (a—c), NG, IE, and SG water

638  stations (d—f) and sea ice samples of NG, IE and SG (g—i). A higher concentration in saline Atlantic water
639 results in a positive correlation, a higher concentration in glacial meltwater in a negative correlation.
640  Significant correlations (p<0.05) are asterisk marked behind the R? value.

641

642 Fig. 6 This took a while to read, there are a lot of abbreviations.

643

644  Due to the large amount of data in this figure, we argue that the amount of text, containing information
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Author’s response to:

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

In cases of over-interpretations, we either rephrased the interpretation more careful, often via adding
details for clarification, or removed the statements (details below). We rewrote the sections that the
reviewer considered disorganized and unclear (details below) with the most substantial changes
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regarding glacial processes and the chapter about subglacial upwelling and entrainment factors. We tried
to clarify the relevance of on-ice processes by i) introducing the processes in more detail in the
introduction, ii) mentioning the nutrient concentrations of the undiluted subglacial meltwater that we
measured earlier in the results, and iii) giving more references to the role of nutrient enrichment under
the glacier (weathering during bedrock contact, solute expulsion during freezing). However, our nutrient
measurements of the undiluted meltwater still showed lower concentrations compared to the fjord
bottom water. The concentrations are enriched compared to sea ice and UIW samples at NG and IE, but
we consider upwelling of bottom water more important for nutrient dynamics in this area. We further
clarified these findings by referring more strongly to the undiluted meltwater nutrient concentrations in
the text. Please note that Svalbard studies by van der Poll (e.g. van der Poll et al., 2018) agree with our
conclusion. Referee 2 suggests that shallow water depth might limit the relevance of this process. We
suggest that the freshwater input occurred below the sharp halocline in 4-5m depth, explaining the
nutrient differences between 15 and 1 m. Additionally this process is supported through a) the absence
of any substantial external advection of inorganic nutrients (e.g through tides and wind), and b) strong
salinity driven stratification preventing mixing apart from upwelling. Detailed calculations were added
to the appendix.
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This has been a very good suggestion by the referee — we agree and changed the title accordingly to “Eafly

Abstract:

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

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

*A minor point, but line numbers every line would be really very helpful*
We added the line numbers as suggested.
Introduction:

L37: unclear what “it” is referring too

We replaced “it” with “fhieStibmaine discharge”

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

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

we included a distance range into the manuscript (RURdreds of meters to Kilometers).

L41: “at some distance” .. again suggest specifying here.
See comment above

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

We agree and changed this statement in the following way: “ Dué'to the challenges of Arctic field Work in
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L52-53: Suggest defining what you mean by “Glacier terminus melt rates”

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

L54: Svalbard glaciers are shallower compared to what?

They (the water depth at the glacier terminus) are shallower than Greenland glaciers. We added

following clarification: “stbmarine glacier termina on Svalbard occur typically at shallower water
depths than'on Greenland ..”

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

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

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

We replaced the sentence with a more comprehensive paragraph addressing the missing information and
background: *

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

We suggest that low supply rates via upwelling can have a considerable impact due to the absence of
other sources in a sea ice covered fjord with very weak advection (tidal currents, wind, Atlantic water)
and a strongly stratified water column. Direct addition can of course also play a role. We added the
following clarification: “

L60: Why would spring subglacial discharge contain less sediment.. b/c of the low fluxes? Suggest
specifying why.
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The referee is correct in his/her suggestion. The reduction is likely caused by the low fluxes and thereby
reduced advective forcing. We added a reference to a study measuring the seasonal variation of sediment
outputs at a Svalbard tidewater glacier as additional support as described in the response to RW1
and added a specification of “dUe to lower fluxes”.

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

We did following additions: “

L67: delete “the” before “primary” and add “in front of tidewater glaciers” after the word “production”
We changed the sentence accordingly.

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

We changed the sentence accordingly
L73: “nutrient additions from the water column” .. via what? How? Suggest specifying.

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

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

Yes, we refer to spring. We added the term “garly Spring” for clarification.

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

We used the term “Wind=induced EKman upwelling” as described by Mundy et al. (2009).

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

We replaced “coverage also” with “aceumulation”

L81: suggest replacing “Once” with “After”

We change the term “Once” with “/Aftel” as suggested.

L83: suggest replacing “related” with “induced”

We change the term “related” with “idlced” as suggested.

L86: suggest deleting “to” and replacing “fuel” with “fueling”
We change the formulation “to fuel” with “féling” as suggested.
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L87: the word “slow” is curious .. why is the subglacial upwelling slow? How do you know it’s slow vs
fast or continuous vs intermittent? Suggest deleting this word as it opens up a range of topics that haven’t
been discussed in enough detail above to warrant the use of this adjective here.

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

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

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

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

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

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

We added following details: “... to investigate the effect of the glacier terminus, and subglacial outflow
related upwelling Bn‘the light'and nutrient regimein'the fjord and thereby on early spring primary
productivity...”

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

We refer to the meltwater coming from the glacier itself. We added following clarification: “nutrient

rich glacial meltwater” and “Upwelling of marine bottom water”

L95: added “under ice” before the words “primary production” if this is indeed what you are referring
to0?

We added the formulation “URderice” as suggested.
L95: “near the glacier front”.. phrase is vague. Suggest specifying.
We added a distance estimate in the following way: “near (€500'M) the glacier front”.

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

We added following specification: “as a result of low permeability sea ice limiting nutrient exchange
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As mentioned above (RW comment on L57 and L63), we also added a more detailed introduction of the
potential discharge of different glacier types and the chemical characteristics of fresh vs stored subglacial
meltwater with a potential of direct nutrient input with the meltwater. We also added the statement of
low fluxes in spring as mentioned above (RW comment on 87). We believe we explained the role of
lower salinity waters for forming less permeable sea ice already in former lines 84ff. We added the
following clarifications: “

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

Sea ice is commonly melted in 50% vol/vol sterile seawater in order to avoid osmotic shock. Since most
sea ice organisms live in the brine channels with high salinity, but the salinity of a melted bulk ice core
is very low, direct melting leads to osmolysis. We added following sentence for clarification: fito

We realize that our formulation was not clear. We also measured NOx concentrations from the subglacial
outflow itself. We found subglacial outflow water exiting the glacier and sampled it directly (Salinity
0). The nutrient values of the glacial outflow, bottom water, and surface water were used for the
calculations. We added following clarification in the methods text:

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

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

Here the response to RW1 which outlines our changes:

“We added following calculations to the appendix. The mentioned outlier values in SG in the UIW sample
was not used for the mixing calculations as explained above. For the meltwater fraction at the surface the
error related to the average IE salinity is less than 0.1 % (see comment above), the main variation of the
% meltwater contribution in the surface layer of SG is related to the salinity at the surface of SG (Fig.
R1). We added the error estimate of 0.1 % to the table. For nutrients, the error was estimated based on
the variability in the concentrations measured in the triplicates. For NOx the estimated range of
contribution by upwelling is thereby 57-59 % (+ 1 %) bottom water, for Silicate 89-95 % (= 3 %), and
for phosphate 46-49 % (+ 3 %).

Equations. Mixing calculations for estimates of the fraction of meltwater (MWSal) based on salinity, and
for bottom water based on nutrient concentrations (BWNuts). Sal indicates the average salinities
measured at the IE (SallE), SG at 1m depth (SalSG1m), subglacial outflow (Salglac). Nut indicates the
nutrient concentrations of nitrate and nitrite (NOX), silicate (Si), and phosphate (PO4) at 1m under the
sea ice at SG (NutlmSG) and IE (NutlmlIE), the bottom water of the IE (NutBW), or subglacial outflow
water (Nutglac).
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1045 Change in Table 1:
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1 Surface water 2) Bottom water 3) ?ubglacial 4) SG
discharge
(IE 1m) (1E) Meltwater (1m)

Salinity [PSU] 34.7 34.7 0 322£0.1 % 236
Temperature [°C] -1.4 -1.4 0 -0.4
Silicate [umol L] 1.59 0 % 4.46 >84% | 1.79 32 % 4.30
NOx [umol L] 327 10%#3 %| 957 58%1% |2.06 32 % 6.52
Phosphate [umol L] 034 19%3 % | 067 49%3% | 0.09 32 % 0.42

1051

1052

1053

1054

1055

1056 The words “reciprocal transplant experiment” is mostly used in plant ecology, when plants are
1057 planted/grown on different soil/ environments in order to see if the different soil/ environment has an
1058 effect on their fitness or growth. We did an analogue experiment in which we incubated algae
1059 communities in different water/ environments in order to test if the water chemistry has an effect on
1060 algae growth. We considered other more descriptive terms such as “water exchange experiment”, but
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prefer keeping the term “reciprocal transplant experiment” due to its established and wide use in
ecology. We rewrote the paragraph to clarify the experimental design in the following way:

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

We refer to the map in Figure 1 and added the figure reference. (Figh'd)

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

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

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

We did do Square root transformations and Wisconsin double standardizations and added this for clarity
to the text. “... (NMDS) plots are based on Bray-Curtis dissimilarities

Results:

L243: replace “were having” with “had”

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

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

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

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

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


https://www.nature.com/articles/ismej2017119
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We agree that the glacial meltwater data should be shown earlier to answer this question before it arises.
We moved the sentences about the subglacial outflow to the start of the paragraph.

Thanks for spotting this omission. We add the units of -

Concerning the color scheme in Fig 5, we used the same colors as in the rest of the manuscript for
consistency. However, we agree that the colors appear too similar in Fig 5 and added a black outline to
the red circles which will help improve clarity while keeping it consistent.
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Concerning the conservative mixing we changed the text in the following way as described in the
response to RW 1:

L310: I echo the other reviewer that these calculations of nutrients supplied via upwelling vs the glacial
meltwater should be shown.. how were these calculated? What is the error on these calculations? This
paragraph needs more explanation for these values to be believed especially considering (as pointed out
by the other reviewer) the single outlier values that are driving the gradient in SG samples. Also, at SG,
it seems, at least from Fig 5 d-f, that the lower salinity water had higher silicate concentrations but these
concentrations were much higher than those reported for the glacial meltwater above. What is the source
of this silicate?

Concerning the source of silicate, we prefer to keep this as part of the discussion. (Se ch. 4.4.3 first
paragraph). Briefly, the mixing calculations show that the high Si values can be attributed to the subglacial
discharge water itself AND bottom water reaching the surface. So, the bottom water appears an important
source.

Concerning the calculations and error estimates, we provided following response to RW1 (the error
estimates will be added to the text and table 1 (See above)) that explains our methodology and the
inclusion of text as appendix:

We added the following calculations to the appendix. The mentioned outlier values in SG in the UIW
sample were not used for the mixing calculations as explained before. For the meltwater fraction at the
surface the error related to the average IE salinity is less than 0.1 % (see comment above), the main
variation of the % meltwater contribution in the surface layer of SG is related to the salinity at the surface
of SG (Fig. R1). We added the error estimate of 0.1 % to the table. For nutrients, the estimation error was
estimated based on the variability in the concentrations measured in the triplicates from each water type.
For NOx the estimated range of contribution by upwelling is thereby 57-59 % (+ 1 %) bottom water, for
Silicate 89-95 % (+ 3 %), and for phosphate 46-49 % (£ 3 %).

Equations. Mixing calculations for estimates of the fraction of meltwater (MWSal) based on salinity, and
for bottom water based on nutrient concentrations (BWNuts). Sal indicates the average salinities
measured at the IE (SallE), SG at 1m depth (SalSG1m), subglacial outflow (Salglac). Nut indicates the
nutrient concentrations of nitrate and nitrite (NOX), silicate (Si), and phosphate (PO4) at 1m under the
sea ice at SG (NutlmSG) and IE (NutlmlE), the bottom water of the IE (NutBW), or subglacial outflow
water (Nutglac).

SalIE - Salsalm
MWe [04] = 100
sa1[%] Salggim — Salglac + Saljp — Salggim )

. 34.7 PSU — 23.6 PSU 100 = 329
= * =
sall”1 = 536 PSU — 0 PSU + 34.7 PSU — 23.6PSU 0

Nut — MWs,1 (%] * Nut — Nut + MWs,:[%] * Nut
BWNut[%] — 1msSG Sal[ ] - tglac - 1img Sal[ ] 1mg +100
utgy — Nutym,,

6.52uM — 0.32 * 2.06 uM — 3.27 uM + 0.32 * 3.27 uM




1176
1177
1178
1179
1180

1181
1182

1183

1184
1185

1186
1187
1188
1189
1190
1191
1192
1193
1194
1195

1196

1197
1198

430 uM — 0.32 * 1.79 uM — 1.59 uM + 0.32 = 1.59 uM
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Figure R1. Estimated fractions of glacial meltwater in the surface layer of SG.

See response to RW1 (The error is based on Chl a tripiclates and given in Fig. 6):

The vertical export flux of Chl a is based on Chl a measurements in the sediment traps. We first convert
the measured Chl concentrations (mg m-3) to mass (mg) in order to calculate the flux as the mass of
Chlorophyll a per unit area and time sedimenting to a certain depth.

Change:

This leads to higher (14 times) vertical export flux based on the sediment trap measurements than
production at IE and considerably lower (5 %) export than production at SG (Table 2).

The assumption is necessary since we did not estimate grazing rates. If grazing would be considered the
loss rate would be higher. For clarity, we added following sentence.
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L.348: 1’d suggest explaining more fully again the goal of the “reciprocal transplant experiment” before
giving the results.

See changes in the methods:

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

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

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

Fig 7: The x-axis with the experiment name are not clear. What does “com” stand for?
We wrote now “Community” instead of “com”
Fig 8: Define UIW in the legend as you have for the other abbreviations

We wrote it now out as fURder ice Water” as suggested.

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

We agree that the figure needs some clarifications.

1. We agree that seaice and water samples are not directly separated by axis 1, but by axis 1 and
2 and remove the reference:
overlappingsamples.

2. The ellipses include subglacial meltwater (Salinity=0), glacier ice (Salinity=0), surface water and
seaice at SGin 2019 and 2018, and the remaining water and sea ice samples (including deeper
water samples from SG). For clarity, we colored the ellipses. In the figure caption we added
following clarification: “... Groups highlighted in eclipses: glacier ice (top right), -
-glacial outflow (top left), _ station SG 2019 (top blue),
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station SG 2018 (bottom blue) and others including deeper water samples at SG (bottom). The
fraction of shared OTUs (in %) are shown as lines scaled to the fraction [%] of shared OTUs.

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

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

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

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

For Fig 8c we prefer added the same ellipses. However, since the sampling design differs not all ellipses
are present. As described in the text, differences between sea water and sea ice are significant (ANOSIM,
p<0.005), but not the differences between SG surface samples, and other stations. For Fig 8c we also did
following changes in the text for clarity: “Furthermore sea ice species composition at SG station differed
from NG and IE (Fig. 8¢).”
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The referee has a good point that subglacial upwelling and submarine discharge are two different
processes. We changed the terminology of submarine upwelling to submarine discharge where necessary
(e.g: “(1) evidence for submarine discharge at a shallow tidewater glacier under sea ice and

(2) that this submarine discharge persists in the winter”) throughout the manuscript. As mentioned
above, we also moved the results description of nutrients in subglacial meltwater to the beginning of the
nutrient section and added an introduction about the effect of water storage underneath a glacier over
winter on the water chemistry (silicate enrichment by prolonged contact with the bedrock -> weathering,
ion concentration by solute expulsion during freezing of stored meltwater)

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

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

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

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

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

We agree that “constant” appears to be the wrong term. We used the term feontinuous” instead. The
argument is that we assume that the Bacteria that are only present in subglacial outflow and surface SG
water are inactive and not growing. Considering the doubling time of the entire bacteria community, these
inactive not-growing bacteria would be replaced by active bacteria in the time frame of the
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doubling time. In addition to overgrowth, inactive bacteria would also be exposed to losses due to
grazing, viral lysis, and sedimentation. We acknowledge that these assumptions are very simplified and
also added some terms to show the uncertainty of this estimate: “TFhUS, We suggest that the presence of
shared OTUs between SG and the glacial outflow fay indicate a €ontintious supply of fresh inoculum to
sustain these taxa.”

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

Yes, we refer to the land-terminating part. We added the detail in the following way “land® ferminating

part'souith of the glacier”.

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

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

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

L456: “Our mixing calculations estimate”.. where are these calculations described?
See comment above. We added the equations and calculations to the appendix.

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

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

We added this information in the following way: “Nutrients were depleted in the UIW, but not at 15 m
depth, showing that the nutricline had to be shallower than 15 m. Hence, submarine discharge at a glacier
ferminus dpihof 20 m would cause upwellng ofc nurent ich DLAW 1 tesurfce.”

The entrainment factor is the proportion of contributions from DLAW to SGO at the surface (53%
DLAW: 32% SGO = 1.6 DLAW:SGO at 1m depth). We replaced “more” with “as'much” for

clarification. We also specified the calculation by replacing the “(53%)” by f(53% DLAW.: 32 % SGO

Eatio of 1.6)” in the manuscript.

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

is a widespread process...".

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

We agree that the structure of the entire chapter needed improvement. Thus, we rewrote the entire chapter,
considering all comments. Concerning this specific comment, we specified the location and time of each
tidewater glacier system compared. We start with stating the conditions in our study, continue with the
most similar glacier on Svalbard, and finish with a wider picture by comparing the data to the larger and
deeper Greenland glaciers.
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The sentence mentioned by the RW was rewritten in the following way: “

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

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

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

As pointed out by RW1, “careful estimate” is a misleading formulation. We replaced it with “rough, but
conservative”. We also realized that the reason for comparing our spring study with summer values is not
clear and specified that we do not know of any other spring studies with similar estimates. The study in
Kongsfjorden is the most comparable estimate to our study (glacier size, terminus depth, location). We
did following changes: “
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L465-466: The fact that you have less entrainment than the Hopwood study is really not surprising at all
considering the depth of discharge and flux of discharge at the much deeper, larger glaciers in that study.
I’m not sure what the purpose is of this statement? As written now it’s failing to provide relevance to this
study.

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

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

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

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

L470: This is the first mention of the depth of the discharge. As you say, 20-m is quite shallow. Are
nutrient concentrations sufficiently high enough here to augment surface concentrations? In other words,
is this depth below the nutricline.
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We also mentioned that the submarine discharge enters the fjord below the nutricline in the end of the
chapter.
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L480: The word “Surprisingly” seems to not be the right word choice here.
We removed the word “Surprisingly”.

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

We agree that the formulation is misleading and removed it.

L485-86: Unclear what the phrase “where light is not considered limiting” is referring too.
We specified in the following way: “where light sufficient for photosynthesis”. | inc 511
“rations” should be “ratios”?

We replaced the term “rations” with “fafios”.

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

We replaced the term “deep water” with “Bottom water”.

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

important, which would weaken the robustness of the study. By acknowledging that iron may be
imported in large amounts, but is not limiting in coastal Arctic systems, we clarify this potential question
briefly. We added following clarification and an additional reference: “However, iron limitation

systems (Kiischietal.12020).”

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

Nutrients are typically higher close to the sea floor due to benthic regeneration of organic matter in the
sediments. If the surface water is only 30m over the bottom, vertical mixing via diffusion or advection
needs consequently less time and/or physical forcing than at 150 m depth. We added following
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clarification: “nutrient concentrations may be higher e to'Iess physical forcing and time needed for
Vertical mixing at the shallower SG compared to IE.

L529: Was the Frasson study done at this samesite?

No the study was done at the neighboring fjord. We added the information in the following way: “The
role of bedrock derived minerals and particles for composition of sea ice chemistry have been described

in detail if'the'neighboring fijord (Tempelfjorden) by Fransson et al. (2020).”

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

We replaced “The values”, with “Silicate concentrations”
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L535: Paragraph ending here is rambling and needs to be re-written. Suggest taking out the iron since
you have no data on this to compare.

We agree and removed the last sentence about iron.

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

We added following clarification: “...which Was introduced Via subglacial upwelling in
Kongsfjorden...”

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

We propose the nitrification to happen in the UIW. We added the following information:
“Ammonium regeneration and subsequent nitrification URder the sea ice...”. We disregard high
nitrate inputs from the glacial meltwater itself since we did not measure high nitrate concentration in
our samples from the outflow of undiluted meltwater (see Table 1). For clarification we added the

following statement: “Niffaté can'be'Supplied throligh the subglacial meltwater itself (Wynn et al.

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

In general, diatoms are know to be quite well adapted to low light levels. Diatoms were also the most
common taxon of the UIW phytoplankton community (based on light micsroscopy, which is more
guantitative). We added a statement of the capability of diatoms to grow under low light conditions.

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

We replaced “their production” with “pFimary. production”

L646: “In winter and spring, this would result in the lack of subglacial upwelling”.. but with more
melt there would be longer melt seasons and presumably more submarine discharge and associated
upwelling

— at least in the shorter term?

We added following information: “ItheShorterterm. alongermeltseason and presumably
submarine discharge may lead to increased subglacial upwelling in winter and spring.

longer time scales’, tidewater glaciers will retreat and transform towards land terminating glaciers
(Blaszezyk et al., 2009);Whi€h would result in the lack of subglacial upwelling and systems more
similar to the I1E with less nutrients and light available for phytoplankton.”




