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Fig. S1 | Shown are the distributions of CUE calculated using the activity of extracellular enzymes (CUEEEA) and CUE calculated from measurements of bacterial carbon production and respiration (CUEBGE). Median values for both estimates are shown as vertical lines. While the median estimates agree well and align with literature expectations, CUEBGE varies more than CUEEEA probably because of compound effects of variation in the measurements of bacterial carbon production and community respiration. 
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Fig. S2 | Carbon use efficiency (CUE) increases with increasing AP activity in GFSs. General additive mixed models (GAMM) accounting for the spatial structure of data, and combined with a Bayes factor analysis to select relevant variables, indicated that CUE is significantly and positively related to cell-specific AP activity (F = 22.247, p < 0.001, Supplementary Table 1). Colors correspond to mountain ranges provided in Fig. 1a.



Table S1 | Full output for all models, utilizing model structures described in Table S3. Abbreviations: DOC = dissolved organic carbon, SRP = soluble reactive phosphorus, DIN = dissolved inorganic nitrogen, TER = threshold elemental ratio, CUE = carbon use efficiency, BCP = bacterial production, AP = alkaline phosphatase, rel_temp = inverse relative water temperature, gl_area = glacier area, gl_dist = distance to glacier, chla = chlorophyll-a, AP_cell = cell-specific AP.

	Tested variable
	 Parametric coefficients
	Approximate significance of smooth terms:
	
	
	

	 
	Term
	Estimate
	Std. Error
	t-value
	Pr(>|t|)
	Term
	edf
	Ref.df
	F
	p-value
	Adj. R2
	Scale est.
	n

	turbidity
	(Intercept)
	3.78322
	0.09004
	42.02
	<2e-16
	s(latitude,longitude)
	17.938
	49
	3.642
	<2e-16
	0.523
	1.5664
	332

	
	 
	
	
	
	
	te(gl_area)
	1.196
	4
	9.45
	<2e-16
	 
	
	

	
	 
	
	
	
	
	 
	
	
	
	
	 
	
	

	water temperature
	(Intercept)
	0.39013
	0.05537
	7.046
	1.10E-11
	s(latitude,longitude)
	5.358
	49
	0.25
	0.0107
	0.496
	0.84962
	338

	
	 
	
	
	
	
	te(gl_area,gl_dist)
	6.551
	24
	13.62
	<2e-16
	 
	
	

	
	 
	
	
	
	
	 
	
	
	
	
	 
	
	

	DOC
	(Intercept)
	5.14796
	0.03235
	159.1
	<2e-16
	s(latitude,longitude)
	21.12
	49
	2.509
	<2e-16
	0.423
	0.17686
	169

	
	 
	
	
	
	
	 
	
	
	
	
	 
	
	

	SRP
	(Intercept)
	1.14538
	0.04678
	24.48
	<2e-16
	s(latitude,longitude)
	39.759
	49
	9.261
	<2e-16
	0.706
	0.46684
	301

	
	 
	
	
	
	
	te(gl_area)
	0.762
	4
	0.719
	0.0402
	 
	
	

	
	 
	
	
	
	
	 
	
	
	
	
	 
	
	

	DIN
	(Intercept)
	4.4812
	0.0387
	115.8
	<2e-16
	s(latitude,longitude)
	23.9
	49
	11.79
	<2e-16
	0.769
	0.27486
	309

	
	 
	
	
	
	
	 
	
	
	
	
	 
	
	

	chlorophyll-a
	(Intercept)
	-5.8846
	0.1562
	-37.66
	<2e-16
	s(latitude,longitude)
	27.836
	49
	5.186
	<2e-16
	0.616
	5.1172
	302

	
	 
	
	
	
	
	te(turbidity,DIN)
	4.333
	24
	1.909
	<2e-16
	 
	
	

	
	 
	
	
	
	
	 
	
	
	
	
	 
	
	

	TERC:N
	(Intercept)
	4.844133
	0.004401
	1101
	<2e-16
	s(latitude,longitude)
	8.891
	49
	0.726
	9.94E-06
	0.13
	0.004678
	261

	
	 
	
	
	
	
	 
	
	
	
	
	 
	
	

	TERC:P
	(Intercept)
	5.26786
	0.05883
	89.54
	<2e-16
	s(latitude,longitude)
	19.254
	49
	1.86
	<2e-16
	0.382
	0.68872
	261

	
	 
	
	
	
	
	te(chla)
	1.174
	4
	7.034
	<2e-16
	 
	
	

	
	 
	
	
	
	
	 
	
	
	
	
	 
	
	

	CUE
	(Intercept)
	-1.8774
	0.02903
	-64.68
	<2e-16
	s(latitude,longitude)
	19.665
	49
	1.855
	<2e-16
	0.378
	0.16671
	261

	
	 
	
	
	
	
	te(chla)
	1.161
	4
	6.54
	<2e-16
	 
	
	

	
	 
	
	
	
	
	 
	
	
	
	
	 
	
	

	CUE
	(Intercept)
	-1.91974
	0.02487
	-77.18
	<2e-16
	s(latitude,longitude)
	28.779
	49
	4.425
	<2e-16
	0.682
	0.087861
	142

	
	 
	
	
	
	
	te(AP_cell)
	1.988
	4
	22.247
	<2e-16
	 
	
	

	
	 
	
	
	
	
	 
	
	
	
	
	 
	
	

	Respiration
	(Intercept)
	-9.95077
	0.18419
	-54.025
	<2e-16
	s(chla)
	2.416
	4
	7.214
	1.27E-06
	0.133
	0.86105
	243

	
	rel_temp
	-0.03071
	0.15875
	-0.193
	0.847
	
	
	
	
	
	 
	
	

	
	 
	
	
	
	
	
	
	
	
	
	 
	
	

	
	 
	
	
	
	
	 
	
	
	
	
	 
	
	

	BCP
	(Intercept)
	3.855
	0.1755
	21.972
	<2e-16
	s(chla)
	1.468
	4
	18.75
	<2e-16
	0.29
	1.0999
	297

	
	rel_temp
	-0.6226
	0.1453
	-4.285
	2.48E-05
	
	
	
	
	
	 
	
	

	
	 
	
	
	
	
	
	
	
	
	
	 
	
	

	
	 
	
	
	
	
	 
	
	
	
	
	 
	
	

	CUE
	(Intercept)
	-1.83875
	0.09317
	-19.735
	<2e-16
	s(chla)
	1.098
	4
	5.034
	6.78E-06
	0.0661
	0.29146
	299

	
	rel_temp
	-0.06688
	0.07854
	-0.851
	0.395
	 
	
	
	
	
	 
	
	

	
	 
	
	
	
	
	 
	
	
	
	
	 
	
	

	
	 
	
	
	
	
	 
	
	
	
	
	 
	
	

	cell-specific AP
	(Intercept)
	-16.0534
	0.2315
	-69.356
	<2e-16
	s(chla)
	2.633
	4
	8.843
	<2e-16
	0.107
	2.206
	301

	
	rel_temp
	0.1188
	0.1875
	0.633
	0.527
	 
	
	
	
	
	 
	
	

	
	 
	
	
	
	
	
	
	
	
	
	 
	
	





Table S2 |Summary statistics for key parameters, including 0.25, 0.50, and 0.75 quantiles (q25, median, q75), the median difference between upper and lower reaches, and p-values for Wilcoxon tests comparing upper and lower reaches. Streamwater C:N:P designations the molar ratios of inorganic dissolved nutrients in streamwater, and LAP, BG, AG, AP, and NAG are enzymatic activities (leucine aminopeptidase, β-1,4-glucosidase α-1,4-glucosidase, alkaline phosphatase, and β-1,4-N-acetylglucosaminidase, respectively). All other abbreviations are given in the caption of Table S1. The formula for the glacier index is given in Kohler et al. (2020, 2022).

	Parameter
	q25
	median
	q75
	median difference (upper vs. lower reach)
	p-value

	glacier index
	0.00171
	0.004515
	0.020741
	2.51E-29
	0.015687945

	glacier area
	0.6375
	1.99
	6.43
	1.67E-12
	0

	distance to glacier
	72
	318.5
	881.5
	2.14E-29
	-515

	% glacier coverage
	0.38
	0.53
	0.66
	1.82E-26
	0.05

	turbidity
	12.9
	48.43712
	181.1029
	0.545314301
	0.9

	conductivity
	12.575
	54.1
	106.25
	0.074139021
	0.2

	water temperature
	0.6
	1.95
	4
	4.24E-21
	-1.7

	chlorophyll-a
	0.000691
	0.005565
	0.027214
	0.002328954
	-0.000228678

	DOC
	103.3333
	150.65
	239.4433
	NA
	NA

	DIN
	32.3
	95.25
	196.38
	1.73E-07
	7.29

	SRP
	1.27
	2.47
	6.5
	0.338502569
	-0.085

	streamwater N:P
	12.13335
	72.12315
	274.5821
	0.002500387
	2.412425997

	streamwater C:N
	0.815142
	1.809107
	5.359135
	NA
	NA

	streamwater C:P
	43.9862
	134.4426
	315.2199
	NA
	NA

	CUE
	0.110223
	0.150881
	0.204944
	0.030103614
	-0.011344037

	TERC:N
	93.95737
	96.17913
	101.8538
	0.666213007
	-0.037815917

	TERC:P
	95.90448
	181.0044
	351.7696
	0.064375861
	9.87540012

	LAP
	0.655288
	1.907
	6.390239
	0.005218842
	-0.169172864

	BG
	0.036465
	0.126539
	0.438285
	0.017870378
	-0.014094778

	AG
	0.007559
	0.02559
	0.114381
	0.000493788
	-0.004653397

	AP
	0.17167
	0.659505
	2.488194
	0.00549221
	-0.078695505

	NAG
	0.009581
	0.041632
	0.152711
	0.002467336
	-0.00759808


Table S3 | Structure of individual generalized additive mixed models (GAMMs), with dependent variable(s) tested, independent variables, and the spatial spline structure given. For all, family = gaussian and link function = identity.

	Dependent variable(s)
	Independent variable(s)
	Autocorrelation
	Spatial spline structure

	temperature, turbidity, DOC, DIN, and SRP
	all combinations of distance from glacier, % glacier coverage, and glacier area in a tensor, best combination picked based on a Bayes factor analysis
	corCAR1(form = ~1|GFS)
	latitude and longitude, bs = 'sos', m=1, k=-1

	
	
	
	

	chlorophyll-a
	all combinations of turbidity, water temperature, SRP, and DIN in a tensor, best combination picked based on a Bayes factor analysis
	corCAR1(form = ~1|GFS)
	latitude and longitude, bs = 'sos', m=1, k=-1

	
	
	
	

	CUE, TERC:N, and TERC:P
	all combinations of water temperature, chlorophyll-a, and streamwater N:P in a tensor, best combination picked based on a Bayes factor analysis
	corCAR1(form = ~1|GFS)
	latitude and longitude, bs = 'sos', m=1, k=-1

	
	
	
	

	CUE
	AP per cell as a spline
	corCAR1(form = ~1|GFS)
	latitude and longitude, bs = 'sos', m=1, k=-1

	
	
	
	

	respiration, BCP, CUE, AP per cell
	Inverse relative water temperature as a linear effect, accounting for chlorophyll-a with a spline
	corCAR1(form = ~1|GFS)
	NA
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