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INTRODUCTION

Glacial runoff provides a seasonal pulse of cold,
sediment-laden freshwater to highly productive
coastal areas of the Gulf of Alaska. Southern coastal
Alaska has the largest system of temperate ice fields
and glaciers in North America, nearly all of which are
thinning and receding (Larsen et al. 2015). Rapid
melting of coastal glaciers along the Gulf of Alaska is
contributing to rising global sea level (Jacob et al.
2012) and has the potential to alter the physical,
chemical and ecological properties of down stream
freshwater and marine ecosystems (Syvitski et al.

1987, O’Neel et al. 2015). For example, freshwater
runoff from glaciers (i.e. liquid water and ice dis-
charged at the glacier terminus) affects large-scale
circulation and productivity in the region (Weingart-
ner et al. 2005). Tidewater glaciers terminate at the
sea in many of Alaska’s major fjords, which provide
wintering, breeding, nursery and feeding habitat for
marine predators of economic importance and con-
servation concern (Womble et al. 2010, Piatt et al.
2011, Nielsen et al. 2014). Understanding the ecosys-
tem dynamics of this glacially influenced region will
help predict how continued climate warming will af-
fect these important resources.
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Nearly half (47%) of the annual freshwater dis-
charge into the Gulf of Alaska originates from gla-
ciers (Neal et al. 2010), although discharge estimates
may vary over space and time throughout the region
(Hill et al. 2015). This freshwater input, along with
abundant rainfall and snowmelt, maintains the den-
sity gradient that drives the Alaska Coastal Current
and significantly influences marine productivity in
nearshore regions of the Gulf of Alaska (Royer et al.
2001).

The delivery of glacial runoff to coastal systems
and the resulting influence on marine habitat
depends on the glacier terminus position relative to
submarine geomorphology (Syvitski et al. 1987,
Syvitski 1989, Motyka et al. 2003). Freshwater dis-
charge may enter the ocean at depth below tidewater
glaciers, which can cause localized upwelling and
mixing near the glacier front and also influence estu-
arine circulation (Straneo et al. 2011, Bartholomaus
et al. 2013). In contrast, discharge from glaciers that
have grounded near or above the shoreline behaves
like riverine discharge, which influences surface
stratification and estuarine circulation (Stigebrandt
1981). Floating ice calved from glaciers also brings
cool fresh melt water into coastal marine waters. This
is an important process where glacier mass loss from
calving exceeds melting rates (Post et al. 2011).

Glacial fjord ecosystems offer an opportunity to
examine trophic relationships relative to marine
habitat within rapidly changing marine ecosystems.
Glacier runoff provides a link between terrestrial
systems and nearshore coastal processes (Fellman
et al. 2010), whereby freshwater input influences
the physical oceanographic properties and circula-
tion of fjords (Etherington et al. 2007, Hill et al.
2009). Environmental gradients caused by glacial
runoff into the marine environment shape marine
communities in fjords in Alaska (Renner et al. 2012)
and Svalbard (Lydersen et al. 2014, Dalpadado et al.
2016). Phytoplankton are limited by light availability
due to high sediment loads near glaciers (Burrell
1988, Piwosz et al. 2009), and we hypothesize that
the abundance of phytoplankton in glacier fjords
may also be related to changes in temperature,
stratification and nutrient availability (Gargett
1997). Despite low phytoplankton abundance, these
pro-glacial systems are occupied by a variety of
marine consumers, including an abundance of cope-
pods, euphausiids and cold-water spawning forage
fish (Arimitsu et al. 2008, Renner et al. 2012), sea-
bird colonies and feeding aggregations (Mehlum &
Gabrielsen 1993) and marine mammals that haul
out on floating ice (Blundell et al. 2011).

The overarching goal of this work was to compare
and contrast the influence of glacier runoff on fjord
ecosystems across the Gulf of Alaska. We sought to
(1) describe the magnitude and horizontal range of
influence of key near-surface physical characteristics
associated with glacial runoff in coastal marine
waters, and (2) characterize the distribution and re -
sponse of lower- to upper-trophic level organisms
relative to glacially influenced habitat gradients. We
sampled oceanographic variables, nutrients, plank-
ton, fish and seabirds at each of 172 stations within 3
study regions encompassing 4 fjord systems in the
Gulf of Alaska. We used generalized additive models
and geostatistics to characterize horizontal gradients
in environmental conditions relative to glacier runoff
sources, and parametric methods to model the re -
sponse of chlorophyll a (chl a), zooplankton, fish and
seabirds relative to physical, chemical and biological
indices in glacial fjords.

MATERIALS AND METHODS

Study area

In order to understand marine ecosystem re -
sponses to a range of habitat variability in coastal
zones modified by glacial freshwater outflows, bio-
physical data were collected in 3 study regions that
included 4 major glacial fjord systems around the
Gulf of Alaska (Fig. 1). The fjord systems were cho-
sen to represent a range of oceanographic condi-
tions and fjord complexity within heavily glaciated
regions of the southern Alaska coast. College Fjord
and Harriman Bay, sampled on July 22−27, 2010,
are located in northern Prince William Sound (PWS),
a large semi-enclosed estuarine embayment in
south-central Alaska. College and Harriman Fjords
both experience strong glacier influence branching
from a deep channel that is protected from direct
oceanic influence. Icy Bay and Yakutat Bay (IBYAK),
sampled July  8–20, 2011, are located in southeast
Alaska and experience direct oceanic influence
from the Gulf of Alaska. In IBYAK, glacial runoff
sources include the tidewater glaciers near the
heads of the bays as well as glacial rivers entering
nearshore areas adjacent to the Malaspina Icefield,
a large piedmont glacier that separates the 2 bays.
Glacier Bay (GLBA), sampled June 22−30 and July
6−14, 2004, is an estuarine fjord system with strong
tidal influences and multiple topographic constric-
tions. In GLBA, two narrow fjords (Muir Inlet and
the West Arm) terminate in tidewater glaciers in the
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north and more oceanic influence is observed at its
southern en trance. Each of 172 discrete stations
within the 3 study regions was sampled once during
the peak ice-melt season in summer. This single
‘snapshot’ ap proach made it impossible to assess
within-season or interannual variability, which may
contribute to the regional differences we observed
among fjords in our study. However, independent
studies on the effects of strong environmental gradi-
ents on marine communities in estuarine systems of
coastal Alaska suggest spatial variability may play a
more important role than interannual variability
over relatively short time scales (Robards et al.
1999, Abookire & Piatt 2005, Speckman et al. 2005,
Etherington et al. 2007, Arimitsu et al. 2012).

Data collection and processing

To sample environmental conditions and associated
abundances of plankton, fish and seabirds relative to
the range in marine habitat conditions ob served,
sampling stations in each fjord were chosen randomly
from a 2.5 × 2.5 km grid overlaid on navigable waters
in the fjord. The number of stations in each fjord was
chosen to achieve a sampling frequency of about 1
sample per 15 km2, and was based on available re-
sources and logistical constraints (weather, naviga-
tional hazards and vessel time). A suite of geographic,
oceanographic, nutrient and biological attributes was
sampled at each station (Table 1, for details see Ren-
ner et al. 2012). Briefly, seabird densities were esti-

21

Fig. 1. (a) Study locations with site abbreviations and general coastal path of the Alaska Coastal Current (black arrow). Bathy-
metric contours are shown at 200 m (dashed) and 1000 m (solid), and relief shading indicates seafloor depth with darker
shades indicating deeper depth. (b,c,d) Sample sites (black circles) and glacier runoff sources (red triangles) in 4 fjord systems:
(b) Prince william Sound (PWS), (c) Icy Bay and Yakutat Bay (IBYAK), and (D) Glacier Bay (GLBA). Bathymetry and glacier 

coverage (blue stipple) courtesy of Lindquist et al. (2004) and Arendt et al. (2014), respectively



Mar Ecol Prog Ser 560: 19–40, 201622

V
ar

ia
b

le
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

  
P

W
S

 (
n

20
10

=
 3

1)
IB

Y
A

K
 (

n
20

11
=

 5
4)

G
L

B
A

 (
n

20
04

=
 8

7)
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

R
an

g
e

   
   

   
   

   
M

ea
n

 (
S

E
) 

   
   

   
   

 R
an

g
e

   
   

   
   

  M
ea

n
 (

S
E

) 
   

   
   

   
 R

an
g

e
   

   
   

   
  M

ea
n

 (
S

E
)

G
eo

g
ra

p
h

ic
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
A

re
a 

of
 g

la
ci

er
 w

it
h

in
 1

0 
k

m
 (

k
m

2 )
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

  0
.1

7−
18

3.
04

   
   

   
   

64
.4

 (
10

.5
4)

   
   

   
  0

−
45

.5
8

   
   

   
   

 5
.4

3 
(1

.5
2)

   
   

   
   

 0
−

10
5.

95
   

   
   

15
.3

5 
(2

.8
9)

D
is

ta
n

ce
 t

o 
g

la
ci

er
 r

u
n

of
f 

so
u

rc
e 

(k
m

) 
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

  1
.6

7−
25

.9
0

   
   

   
   

  9
.3

0 
(1

.3
6)

   
   

  1
.6

4−
25

.9
4

   
   

   
  1

2.
22

 (
0.

90
) 

   
   

 0
.4

1−
39

.8
2 

   
   

   
 1

6.
25

 (
1.

31
)

D
is

ta
n

ce
 t

o 
la

n
d

 (
k

m
) 

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

  0
.2

0−
4.

04
   

   
   

   
   

 1
.4

8 
(0

.1
7)

   
   

  0
.3

2−
13

.0
1

   
   

   
   

 4
.0

5 
(0

.3
9)

   
   

  0
.2

2−
4.

25
   

   
   

   
   

1.
04

 (
0.

1)
B

ot
to

m
 d

ep
th

 (
m

) 
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
 4

7.
15

−
40

5.
52

   
   

  1
74

.3
9 

(1
9.

67
) 

   
27

.6
4−

25
6.

20
   

   
 1

07
.2

7 
(7

.7
1)

   
   

  7
.3

0−
43

0.
04

   
   

14
8.

26
 (

10
.2

2)

P
h

ys
ic

al
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
  

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

  
P

h
ot

ic
 d

ep
th

 (
m

)
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

 0
−

34
   

   
   

   
   

   
   

 1
3 

(2
) 

   
   

   
   

   
  2

−
32

   
   

   
   

   
   

   
15

 (
1)

   
   

   
   

   
   

1−
27

   
   

   
   

   
   

   
10

 (
1)

S
tr

at
if

ic
at

io
n

 (
Δ
σ-

t,
 k

g
 m

−
3 )

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

0.
22

−
0.

87
   

   
   

   
   

 0
.4

6 
(0

.0
3)

   
   

  0
.2

2−
1.

48
   

   
   

   
   

0.
59

 (
0.

04
) 

   
   

 0
.0

3−
2.

24
   

   
   

   
   

0.
90

 (
0.

05
)

N
ea

r-
su

rf
ac

e 
tu

rb
id

it
y 

in
d

ex
, b

ea
m

 a
tt

en
u

at
io

n
 i

n
 u

p
p

er
 5

 m
 (

m
−

1 )
   

   
0.

70
−

20
.5

4
   

   
   

   
  4

.5
3 

(0
.7

9)
   

   
  0

.8
0−

55
.2

6
   

   
   

   
 5

.1
9 

(1
.2

5)
   

   
  1

.3
7−

53
.4

4 
   

   
   

   
6.

81
 (

1.
05

)
T

u
rb

id
it

y 
in

d
ex

, b
ea

m
 a

tt
en

u
at

io
n

 i
n

 u
p

p
er

 1
5 

m
 (

m
−

1 )
   

   
   

   
   

   
   

   
  0

.4
8−

11
.8

6
   

   
   

   
  2

.5
4 

(0
.4

4)
   

   
  0

.9
2−

28
.0

1
   

   
   

   
 3

.7
7 

(0
.6

3)
   

   
  1

.2
3−

21
.8

6 
   

   
   

   
3.

74
 (

0.
45

)
N

ea
r-

su
rf

ac
e 

te
m

p
er

at
u

re
 <

5 
m

 (
°C

) 
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
 5

.6
0−

11
.5

0
   

   
   

   
  8

.1
5 

(0
.3

1)
   

   
  2

.8
6−

13
.9

4
   

   
   

   
 8

.7
2 

(0
.4

4)
   

   
  4

.1
2−

10
.9

7 
   

   
   

   
7.

86
 (

0.
19

)
T

em
p

er
at

u
re

 >
5 

m
 (

°C
) 

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
  5

.6
6−

8.
40

   
   

   
   

   
 6

.7
6 

(0
.1

2)
   

   
  5

.3
2−

8.
67

   
   

   
   

   
6.

64
 (

0.
09

) 
   

   
 4

.9
3−

8.
00

   
   

   
   

   
6.

65
 (

0.
08

)
N

ea
r-

su
rf

ac
e 

sa
li

n
it

y 
<

5 
m

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
 2

0.
75

−
25

.0
0

   
   

   
   

22
.8

6 
(0

.2
1)

   
   

19
.8

2−
29

.8
7

   
   

   
  2

6.
34

 (
0.

30
) 

   
  1

5.
87

−
30

.7
0 

   
   

   
 2

4.
54

 (
0.

36
)

S
al

in
it

y 
>

5 
m

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
28

.1
5−

30
.5

1
   

   
   

   
29

.3
5 

(0
.1

2)
   

   
30

.1
3−

31
.8

2
   

   
   

  3
1.

22
 (

0.
05

) 
   

  3
0.

18
−

31
.5

4 
   

   
   

 3
0.

66
 (

0.
02

)

N
u

tr
ie

n
ts

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

  
N

H
4,

 m
ea

n
 o

f 
su

rf
ac

e 
an

d
 8

 o
r 

10
 m

 a
m

m
on

iu
m

 c
on

ce
n

tr
at

io
n

 (
µ

M
) 

   
0.

49
−

4.
58

   
   

   
   

   
 1

.0
9 

(0
.1

7)
   

   
  0

.0
5−

4.
71

   
   

   
   

   
1.

13
 (

0.
14

) 
   

   
   

   
0−

4.
90

   
   

   
   

   
1.

53
 (

0.
09

)
N

O
2,

 m
ea

n
 o

f 
su

rf
ac

e 
an

d
 8

 o
r1

0 
m

 n
it

ri
te

 c
on

ce
n

tr
at

io
n

 (
µ

M
) 

   
   

   
   

   
   

0−
0.

13
   

   
   

   
   

 0
.0

7 
(0

.0
1)

   
   

   
   

 0
−

1.
06

   
   

   
   

   
0.

13
 (

0.
02

) 
   

   
   

   
0−

1.
17

   
   

   
   

   
0.

24
 (

0.
03

)
N

O
3,

 m
ea

n
 o

f 
su

rf
ac

e 
an

d
 8

 o
r1

0 
m

 n
it

ra
te

 c
on

ce
n

tr
at

io
n

 (
µ

M
) 

   
   

   
   

0.
27

−
7.

21
   

   
   

   
   

 3
.7

5 
(0

.3
6)

   
   

  0
.1

3−
13

.1
8

   
   

   
   

 4
.3

6 
(0

.5
) 

   
   

   
   

  0
−

17
.8

7 
   

   
   

   
5.

46
 (

0.
53

)
P

O
4,

 m
ea

n
 o

f 
su

rf
ac

e 
an

d
 8

 o
r 

10
 m

 p
h

os
p

h
at

e 
co

n
ce

n
tr

at
io

n
 (

µ
M

) 
   

  0
.2

2−
1.

49
   

   
   

   
   

 0
.6

1 
(0

.0
5)

   
   

  0
.1

1−
3.

91
   

   
   

   
   

0.
65

 (
0.

07
) 

   
   

 0
.0

1−
2.

33
   

   
   

   
   

0.
73

 (
0.

05
)

S
iO

H
4,

 m
ea

n
 o

f 
su

rf
ac

e 
an

d
 8

 o
r 

10
 m

 s
il

ic
at

e 
co

n
ce

n
tr

at
io

n
 (

µ
M

) 
   

   
 3

.2
2−

14
.8

5
   

   
   

   
  9

.9
1 

(0
.6

1)
   

   
  7

.7
6−

26
.1

9
   

   
   

   
 1

4.
5 

(0
.6

7)
   

   
  4

.9
1−

33
.7

5 
   

   
   

 1
5.

99
 (

0.
71

)
D

IN
, d

is
so

lv
ed

 i
n

or
g

an
ic

 n
it

rg
en

 (
µ

M
) 

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
 0

.4
3−

9.
02

   
   

   
   

   
 4

.9
1 

(0
.4

6)
   

   
  0

.5
6−

14
.9

9
   

   
   

   
 5

.6
3 

(0
.5

1)
   

   
  0

.0
9−

19
.9

7 
   

   
   

   
7.

23
 (

0.
56

)
D

IN
:S

iO
H

4
ra

ti
o

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

0.
12

−
0.

68
   

   
   

   
   

 0
.4

5 
(0

.0
3)

   
   

  0
.0

5−
0.

59
   

   
   

   
   

0.
35

 (
0.

02
) 

   
   

 0
.0

1−
0.

98
   

   
   

   
   

0.
42

 (
0.

02
)

D
IN

:P
O

4
ra

ti
o

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
 1

.9
9−

10
.7

1
   

   
   

   
  7

.3
9 

(0
.4

5)
   

   
  1

.6
9−

20
.1

0
   

   
   

   
 9

.0
8 

(0
.5

9)
   

   
  0

.2
6−

53
.6

5 
   

   
   

   
11

.0
 (

0.
87

)

B
io

lo
g

y
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

  
D

ep
th

-i
n

te
g

ra
te

d
 c

h
l 

a
0−

15
 m

 (
m

g
 m

−
2 )

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

  3
.8

2−
27

.2
9

   
   

   
   

13
.7

4 
(0

.9
5)

   
   

12
.6

3−
15

4.
65

   
   

   
  6

5.
2 

(5
.5

4)
   

   
15

.2
7−

23
4.

43
   

   
   

82
.6

2 
(5

.6
7)

Z
oo

p
la

n
k

to
n

 b
io

m
as

s 
(m

g
 m

−
3 )

a
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
11

9.
76

−
11

79
.2

0
   

   
44

4.
38

 (
45

.4
1)

   
 6

5.
93

−
19

34
.4

1
   

  5
12

.1
2 

(5
9.

26
) 

 1
90

.0
0−

68
00

.0
0

  1
54

0.
17

 (
12

7.
37

)
C

op
ep

od
 b

io
m

as
s 

(m
g

 m
−

3 )
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

49
.1

0−
94

5.
94

   
   

  2
97

.1
3 

(4
2.

09
) 

   
52

.5
4−

16
37

.6
9

   
  3

74
.9

0 
(4

5.
19

) 
   

   
   

   
−

   
   

   
   

   
   

   
   

  −
E

u
p

h
au

si
id

 t
ra

w
l 

vo
lu

m
e 

(m
l 

k
m

 t
ow

ed
−

1 )
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

 0
−

55
44

.7
9

   
   

31
8.

71
 (

20
0.

64
) 

   
   

  0
−

67
6.

05
   

   
   

  6
4.

8 
(2

1.
01

) 
   

   
   

 0
−

68
10

.3
3

   
   

17
0.

9 
(8

9.
02

)
G

el
at

in
ou

s 
zo

op
la

n
k

to
n

 v
ol

u
m

e 
(m

l 
k

m
 t

ow
ed

−
1 )

   
   

   
   

   
   

   
   

   
   

 1
83

.8
5−

17
24

7.
92

  2
42

2.
78

 (
62

4.
02

) 
   

   
  0

−
18

45
.9

6
   

15
20

.3
2 

(5
54

.8
1)

  5
7.

65
−

37
19

8.
21

26
11

.6
6 

(5
55

.2
6)

F
is

h
 a

b
u

n
d

an
ce

 (
n

u
m

b
er

 k
m

 t
ow

ed
 −

1 )
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

0−
32

0.
98

   
   

   
 4

0.
27

 (
12

.7
4)

   
   

   
  0

−
21

45
.8

5
   

  1
94

.4
1 

(5
4.

52
) 

   
  0

.2
9−

25
37

.9
3

   
 1

07
.4

9 
(3

2.
76

)
F

or
ag

e 
fi

sh
 b

io
m

as
s 

(g
 k

m
 t

ow
ed

 −
1 )

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
 0

.5
−

90
5.

6
   

   
   

   
13

0.
1 

(3
5.

0)
   

   
   

   
 0

−
21

43
.9

/
   

   
 3

16
.7

 (
14

5.
2)

/ 
   

   
3.

6−
72

29
.0

   
   

   
80

1.
1 

(1
11

.8
)

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
 0

.7
−

10
81

8.
1

   
  1

00
3.

4 
(3

39
.1

)
   

   
   

   
   

   
   

   
   

   
   

   
   

   
  

P
is

ci
vo

ro
u

s 
se

ab
ir

d
 d

en
si

ty
 (

n
o.

 k
m

−
2 )

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

2.
01

−
77

.9
4

   
   

   
   

14
.4

6 
(2

.7
7)

   
   

  9
.5

3−
21

4.
26

/
   

   
   

   
44

 (
13

.5
2)

/ 
   

 1
.9

8−
17

82
.5

8
   

 1
27

.7
8 

(2
9.

05
)

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

 0
−

27
2.

89
   

   
   

27
.7

9 
(7

.2
2)

a G
L

B
A

 m
es

h
 s

iz
e:

 3
35

 µ
 a

n
d

 d
is

p
la

ce
m

en
t 

vo
lu

m
e 

co
n

ve
rt

ed
 t

o 
b

io
m

as
s,

 I
B

Y
A

K
 a

n
d

 P
W

S
 m

es
h

 s
iz

e:
 2

11
 µ

 a
n

d
 b

io
m

as
s 

as
se

ss
ed

 d
ir

ec
tl

y

T
ab

le
 1

. R
an

g
es

 a
n

d
 m

ea
n

s 
(S

E
) a

cr
os

s 
st

at
io

n
s 

fo
r 

g
la

ci
er

 e
co

sy
st

em
 v

ar
ia

b
le

s 
(a

b
b

re
vi

at
io

n
, m

ea
su

re
, u

n
it

s)
 b

y 
st

u
d

y 
re

g
io

n
 (P

ri
n

ce
 W

il
li

am
 S

ou
n

d
, P

W
S

; I
cy

 B
ay

 a
n

d
 Y

ak
u

ta
t,

IB
Y

A
K

; G
la

ci
er

 B
ay

, G
L

B
A

).
 F

or
ag

e 
fi

sh
 b

io
m

as
s 

an
d

 p
is

ci
vo

ro
u

s 
se

ab
ir

d
 d

en
si

ty
 i

n
 I

B
Y

A
K

 a
re

 s
ep

ar
at

ed
 b

y 
fj

or
d

 (
IB

/Y
A

K
);

 ‘−
’ i

n
d

ic
at

es
 n

ot
 s

am
p

le
d

. N
u

tr
ie

n
t 

sa
m

p
le

s 
w

er
e 

co
ll

ec
te

d
 a

t 
th

e 
su

rf
ac

e 
an

d
 a

t 
8 

m
 (

G
L

B
A

) 
or

 1
0 

m
 (

IB
Y

A
K

 a
n

d
 P

W
S

) 
d

ep
th



Arimitsu et al.: Glacier ecosystems 23

mated at each station with a 300 m strip transect
using standardized at-sea survey methods (Gould &
Forsell 1989). Although we made efforts to avoid dou-
ble-counting animals during surveys, estimated bird
densities are not comparable with other seabird cen-
suses (e.g. Piatt et al. 2011) owing to the slow vessel
speed while trawling (2−3 knots). During each 45 min
marine bird transect, fish were sampled by towing a
modified herring midwater trawl with diminishing
mesh size from 5 to 1 cm with an approximately 50 m2

mouth opening in near surface waters. The same net
was used in all study regions to target near-surface
waters (mean tow depth ± SE = 12 ± 1 m). Different
research platforms (22 m F/V ‘Steller’ in GLBA, 15 m
R/V ‘Alaskan Gyre’ at IBYAK and PWS), captains and
deck gear were employed and this resulted in shal-
lower mean depth of the head rope in GLBA (5 m)
compared to IBYAK and PWS (20 and 21 m, respec-
tively). Selectivity of this net is unknown but previous
work indicated the net is effective at catching small
(usually <20 cm) schooling fish and euphausiids in a
variety of coastal habitats (Speckman et al. 2005,
Renner et al. 2012). Distance towed was estimated
with a flow meter (mean transect length ± SE = 2.78 ±
0.06 km). Zooplankton and oceanographic measures
were collected at the beginning or end of each tran-
sect. Zooplankton were sampled with a multinet
(0.5 m2 mouth opening with 335 µ mesh in GLBA) or
a ring net (0.6 m diameter with 211 µ mesh in IBYAK
and PWS stations) on a 50 m vertical haul or to within
5 m of the bottom in shallow water. Because we used
different nets for sampling zooplankton in GLBA vs.
other sites, comparisons could only be made between
IBYAK and PWS zooplankton datasets. Chl a and in-
organic nutrients were sampled with a water sampler
near the surface and at 10 m depth (or at surface and
8 m in GLBA), and oceanographic conditions were
sampled with a Seabird Electronics SBE25 (GLBA) or
SBE19 (PWS and IBYAK) CDT profiler equipped with
sensors to measure in situ temperature, salinity, chl a
(WetStar WET Labs), photosynthetically active radia-
tion (PAR, LI-193 Spherical Quantum Sensor), and
beam attenuation (C-Star WET Labs). Hydrographic
sensors were calibrated by the manufacturers within
14 mo of sampling.

Trawl catches were weighed and total volume was
measured in the field. Large catches were subsam-
pled by volume. Fish were identified and enumer-
ated by species and the fork lengths of up to 50 indi-
viduals from each species were measured in the
field, and a subset of common fish (see Table 3) were
weighed in the lab to estimate forage fish biomass.
Euphausiids and gelatinous zooplankton total vol-

ume and wet weight were measured, but individuals
were not identified to species. Zooplankton and
trawl-caught larval fish that could not be identified in
the field were preserved in 3−5% or 10% formalin,
respectively. Water samples for inorganic nutrient
concentration (µM) analysis were frozen in clean
60 ml HDPE sample bottles and later processed at the
University of Washington Marine Chemistry lab
using established protocols (UNESCO 1994). Chl a
samples were processed by filtering 68 ml of sample
water through GFF filters that were kept in dark con-
ditions and frozen immediately. Acetone extraction
and laboratory fluorometry of discreet depth chl a
samples for calibration of in situ fluorometer values
are described in detail in Arimitsu et al. (2008).

Laboratory processing methods for zooplankton
samples differed for each gear type. IBYAK and PWS
ring net samples were identified to species and life
stage whenever possible, up to 10 individuals per
species/ life stage were weighed, and abundance was
estimated using a plankton splitter after large organ-
isms were counted and removed. After summing the
weights by species and dividing by volume filtered,
total zooplankton and copepod biomass (mg m−3,
IBYAK and PWS only) was calculated for each station
in these study regions. These samples were pro-
cessed at the University of Alaska Fairbanks. For
GLBA multinet samples, bulk zooplankton samples
were processed by estimating displacement volume
to the nearest 0.25 ml, converting displacement vol-
ume to relative wet mass assuming 800 mg cm−3

(Harris et al. 2000, p. 140) and dividing by the volume
filtered (m3). The difference in sampling and process-
ing methods preclude direct comparison of zooplank-
ton biomass between GLBA and other study regions.

Dataset variables were summarized using selec ted
study region-specific indices for descriptive and
modeling purposes (Table 1). Geographic variables
— including distance to land, distance to the nearest
tidewater glacier, recently grounded glacier or major
glacier river outflow (Fig. 1) and the total area of gla-
ciers within 10 km of a station — were estimated
using GIS. Distances were measured from each
 station’s transect midpoint. The current extent of gla-
ciers was estimated by data provided by the Ran-
dolph Glacier Inventory (Arendt et al. 2014). Oceano -
graphic variables were summarized by averaging the
upper 5 m (near-surface temperature, salinity and
near-surface beam attenuation, which is a measure
of the loss of light as a result of absorption and scat-
tering from suspended particles, hereafter called
‘turbidity’), 15 m (turbidity) and 50 m (temperature,
salinity) of the water column. These depths were cho-
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sen to summarize the data because conditions from
0−5 m depths are most representative of the glacial
freshwater signal (Etherington et al. 2007), while 15
or 50 m depth-averaged conditions were most repre-
sentative of the conditions ex perienced by the organ-
isms we sampled. Photic depth was estimated as the
depth at which the PAR value reached 1% of the sur-
face value. A stratification index was calculated as
the average change per meter in density (Δσ-t) within
the upper 10 m of the water column (Etherington et
al. 2007). Near-surface nutrient concentrations were
calculated as the average of concentrations at the
surface and at 8 m (GLBA) or 10 m (IBYAK and PWS)
depths. Because of strong correlations among the
nutrient variables, we used principal components
analysis (PCA) to capture the variability in dissolved
inorganic nitrogen (DIN, sum of nitrate NO3, nitrite
NO2 and am mo nium NH4), silicate (SiOH4) and phos-
phate (PO4) concentrations. The near-surface nutri-
ent index for each station was equal to the first
 principal component score (PC1_nutrient), which ex -
plained 82% of the variability in nutrients, and was
positively associated with DIN, PO4 and SiOH4 (load-
ings: 0.61, 0.55 and 0.58, respectively).

Response variables for modeling biological vari-
ability included chl a, copepod biomass, euphausiid
volume, fish abundances and seabird density. Indices
were transformed to approximate normality and cen-
tered by subtracting the overall means for modeling
purposes. Calibrated fluorometer chl a concentra-
tions were integrated over the upper 15 m of the
water column and fourth-root transformed. Copepod
biomass data by species (Table 1) were summed to
represent total copepod biomass at each station and
log transformed. Gelatinous zooplankton volume,
euphausiid volume and age 1+ fish abundance (ex -
cluding young-of-the-year fish) was standardized by
the length of the trawl tow in km. Seabird density
was calculated by summing the number of pelagic-
feeding marine birds (see Table 3) sighted on the
water within 150 m on either side of the vessel and
dividing by the area of the transect. Brachyramphus
murrelets identified to genus level in the field were
assigned to species using methods described in
Arimitsu et al. (2011). Fish and seabird response vari-
ables were log (x + 1) transformed prior to modeling.
To model seabird density, we estimated prey avail-
ability using forage fish biomass in trawls, which was
calculated by subtracting the biomass of adult pol-
lock from the total fish catch weight. Adult pollock,
the largest species in trawl catches, were excluded
because they are generally too large to be consumed
by foraging  seabirds.

Data analysis

Range of melt water influence

Freshwater runoff creates variability in near-
surface fjord conditions (Gibbs et al. 2000, Silva et al.
2011), so we examined temperature (0−5 m), turbid-
ity (0−5 m), stratification (Δσ-t < 10 m), salinity (0−
5 m) and nutrients (<10 m) to better understand the
range of glacier melt-water influence. We used gen-
eralized additive models (GAMs) to evaluate the
response of near-surface temperature, stratification,
turbidity and PC1_nutrients in relation to the dis-
tance to nearest glacier runoff source in each study
region (Fig. 1, Table 1).

We used detrended ordinary kriging to map near-
surface conditions in each study region assuming
second order stationarity and underlying spatial
auto correlation. Range, sill and nugget parameters
for the spatial autocorrelation were estimated using
weighted least squares regression implemented in
the ‘geoR’ package (Diggle & Ribeiro 2007) using
R statistical software (v.3.1.2, R Development Core
Team 2014). Euclidean distance was inappropriate
for estimating pairwise distances due to the convo-
luted shorelines in GLBA and IBYAK, therefore
we calculated pairwise distance through the water
between points using the ‘gdistance’ package
(van Etten 2015), and used PCA to create trans-
formed coordinates that preserved these distances
as much as possible. A first-order geospatial trend
model with either Gaussian or exponential autocor-
relation, de pending on the variogram fit, was esti-
mated via ordinary kriging. Predicted values were
obtained at 1 km resolution within the maximum
extent of the sample data, and back transformed for
mapping in GIS.

Chl a

Our a priori hypothesis was that phytoplankton
abundance is related to nutrients, light and stratifica-
tion (Gargett 1997). Because of strong multicollinear-
ity among the explanatory variables related to gla-
cier melt water, including DIN, SiOH4, PO4, turbidity,
temperature, and stratification, we conducted a PCA
to obtain a reduced set of uncorrelated principal
components (PC_glacier) for modeling purposes. We
explored ordinary least squares (OLS) models that
included PCs and study region, and their inter -
actions. Best-fit models were determined on the basis
of minimum Akaike information criteria (AIC), and
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Moran’s I test for autocorrelation was used to assess
whether residuals were independent. Where spatial
autocorrelation was identified (Moran’s I test α <
0.05), generalized least squares (GLS) models
were fit with an exponential correlation structure
using transformed coordinates to preserve distance
through the water (as above). GLS models were first
fit using maximum likelihood estimation to allow
comparison of AIC values among models. A likeli-
hood ratio test (LRT) was then used to assess the
overall significance of the model with the lowest AIC
relative to the null model. Finally, the AIC-best
model was re-fit with restricted maximum likelihood
(REML) for improved parameter estimates (Pinheiro
& Bates 2000). The proportion of variance explained
by the final GLS model was calculated as 1 – (vari-
ance of the residuals)/(variance of the response).

Zooplankton, euphausiids, fish and seabirds

Our main objective was to fit a parsimonious model
to describe the relationship between 4 response vari-
ables representing biomass, presence/absence or
abundance of different trophic levels and the most
influential predictor variables. Response variables
for modeling included copepod biomass (PWS and
IBYAK only), euphausiid presence/absence (0/1),
fish abundance and seabird density. Because of the
large number of explanatory variables (Table 1), we
used an exploratory approach to identify potentially
important predictor variables and possible inter -
actions for inclusion in modeling efforts. To identify
predictors with the highest predictive accuracy we
used boosted regression trees (BRT), a tree-based
machine learning technique that applies a stochastic
gradient boosting algorithm to improve predictive
performance (Friedman 2001, Elith et al. 2008). BRT
uses stochastic numerical optimization to minimize
predictive deviance by fitting a large number of clas-
sification and regression trees to the data (De’ath
2007). The algorithm begins with a single tree, then
weights each successive tree based on the incorrectly
classified observations in the previous tree. The final
classification is determined by optimized weighted
majority of classifications and k-fold cross-validation
(see details in Elith et al. 2008). We specified a
Gaussian distribution for copepod, fish and seabird
responses in the BRT models. Due to the large num-
ber of zeros (66% of stations across study regions) in
the euphausiid catch, however, we used presence/
absence data in the BRT analysis, which was mod-
eled as a binomial response variable. We tested mul-

tiple parameter settings and found the models with
lowest predictive deviance resulted when we set the
learning rate to 0.001, bag fraction to 0.5, 5-fold cross
validation, and adjusted the tree complexity (from 1
to 5) for optimal prediction. The strength of first-
order interactions between predictors was quantified
using functions provided in Elith et al. (2008) and the
‘gbm’ package (Ridgeway 2013). In addition to vari-
ables that represented prey indices (e.g. chl a for
copepods), and the categorical variable to account for
study region (n = 3) or fjord differences (n = 4), pre-
dictors identified with high relative influence (gener-
ally >10%) in the BRT analysis were subsequently
used in OLS or GLS (when Moran’s I test indicated
autocorrelation in OLS residuals at α < 0.05) regres-
sion models using the same methods for model
choice and diagnostics employed for the chl a model.
Euphausiid presence/absence data was modeled
using a binomial GLM with a logit link to estimate
the probability that euphausiids are present. The
performance of the AIC-best GLM model was evalu-
ated on the basis of the proportion of fitted proba -
bilities that resulted in correct classification of the
response, where euphausiids were predicted to be
present if the estimated probability exceeded 0.50.

RESULTS

Range of melt water influence

The presence or effect of glacier runoff could be
tracked at least 10 km distant (hereafter called
‘downstream’) from glacier runoff sources by its sig-
nature of cooler near-surface temperatures, low
salinity, higher turbidity and elevated nutrient con-
centrations (Fig. 2). The response of the turbidity
index relative to distance from the nearest glacier
runoff source was similar across sites and short-lived
compared to other properties such as stratification or
temperature, which continued to be affected up to
20−30 km downstream. The more rapid decline in
turbidity was observed because sediment settled out
of near-surface waters relatively quickly whereas
freshwater is buoyant and therefore remained at the
surface for a much longer time, and continued to cool
surface waters further downstream as well. Beyond
10 km, differences in temperature gradients were
observed among study regions, with highest distal
temperatures in IBYAK, intermediate distal tempera-
tures in PWS and lowest distal temperatures in
GLBA. Lower near-surface temperatures and higher
nutrient indices in GLBA downstream from glacier

25
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runoff sources were driven mainly by the presence of
shallow marine sills where upwelling and mixing of
cooler, nutrient-rich deep water occurs (Etherington
et al. 2007). The relationship between stratification
and distance to glacier runoff source was linear in
GLBA and sigmoidal in IBYAK. Salinity response to
glacier distance was linear in GLBA and IBYAK.
There was no relationship between stratification or
salinity with increasing glacier distance detected in
PWS (Fig. 2), reflecting both weaker stratification
near the glaciers and limited sampling distance com-
pared to other regions. Stratification and salinity
were influenced by complexity of fjord topography
and bathymetry, whereby long, narrow fjords iso-
lated by shallow marine sills (e.g. Harriman Fjord in
PWS, Icy Bay in IBYAK and Muir Inlet in GLBA) had
greater stratification and lower salinity farther from
glacier sources than fjords without sills (e.g. College
Fjord in PWS and the west arm of GLBA), or areas
with more direct oceanic influence (e.g. Yakutat Bay
in IBYAK, Fig. 3). Hubbard Glacier, a tidewater gla-

cier near the head of Yakutat Bay, had less influence
on stratification and salinity than runoff from the
piedmont Malaspina Icefield draining into the bay.

In IBYAK higher nutrient concentrations were ob -
served near Malaspina Icefield outflows and tide -
water glaciers at the head of the Bays (Fig. 4). In
Yakutat Bay high nutrient concentrations were also
sampled over shallow glacier-carved bottom features
near the center of the Bay (Fig. 1). Likewise, in GLBA
high nutrient concentrations were observed over the
shallow marine sill at the entrance to the main bay as
a result of strong tidal mixing of deep marine nutri-
ents over a complex bathymetry and constricted pas-
sageway (Table 1, Fig. 4; Etherington et al. 2007, Hill
et al. 2009). In PWS nutrient concentrations were
lowest at the southern end of the fjord away from gla-
cier runoff sources (Fig. 4). Low N:Si ratios (Table 1)
suggest silicate is not limiting phytoplankton in gla-
cial fjords (Gilpin et al. 2004), and average N:P ratios
were below the Redfield ratio of 16:1 (Redfield 1958)
particularly in PWS (Table 1). The highly stratified

26

Fig. 2. Generalized additive model fits of physical proper-
ties and nutrient index relative to distance to nearest gla-
cier runoff source (solid line; ±1 SE, dashed lines) for each
study region. Samples are shown as dots colored by study
region, Glacier Bay (GLBA), Icy Bay and Yakutat (IBYAK)
and Prince William Sound (PWS), Alaska. Temperature and
turbidity index (beam attenuation) were averaged over the
upper 5 m, and stratification was averaged over the upper
10 m of the water column. The nutrient index was the first
principal component (PC1) capturing 82% of the variability
and positively correlated with silicate, dissolved inorganic 

nitrogen and phosphate concentrations
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waters near the head of Muir Inlet differed markedly
from the west arms of GLBA and fjord systems in
other study regions. Most glaciers in Muir Inlet are
land-terminating except for one tidewater glacier
that is separated from the inlet by a proglacial basin.

Thirteen stations sampled closest to the head of Muir
Inlet had above average chl a concentrations that
corresponded with lower N:P ratios (mean SE =
3.81 ± 0.53) and relatively elevated SiOH4 concentra-
tions (mean SE = 11.93 ± 1.09 µM). Elevated concen-

27

Fig. 3. Detrended ordinary kriging predictions of temperature (°C), turbidity index (beam attenuation, m−1), stratification (Δσ-t)
and salinity in glacial fjords of the Gulf of Alaska during summer. PWS: Prince William Sound; IBYAK: Icy Bay and Yakutat 

Bay; GLBA: Glacier Bay. Note differing scales among study regions sampled in different years
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trations of NO3 were observed near tidewater gla-
ciers in the West Arm (12.50 ± 0.84 µM, n = 12),
where subglacial melt water causes upwelling of
nutrient rich waters. Similarly, high NO3 concentra-
tions were observed at the shallow sill near the
entrance to GLBA (12.80 ± 1.25 µM, n = 7) where
waters are mixed by strong tidal currents (Fig. 4; Hill
et al. 2009). Conditions in the West Arm and entrance
sill of GLBA were more representative of nitrogen
renewal from upwelled marine sources.

Chl a

The lowest chl a concentrations occurred within
the turbid glacier plume waters, and within PWS in

general (Table 1, Fig. 5). Lower quantile values of chl
a concentrations were also observed near constricted
passages and over shallow marine sills, for example
at the southern entrance of GLBA and Disenchant-
ment Bay near the head of YAK (Fig. 5).

The first 2 principal components (PC1_glacier and
PC2_glacier) captured 80% of the variability in nutri-
ents, turbidity, temperature and stratification. The
different nutrients loaded similarly to one another
along PC1 (0.44−0.48), while PC1_glacier loadings
for turbidity and temperature had opposite signs to
one another (0.39, −0.45, respectively). Stratification
loaded strongly on PC2_glacier (0.75), suggesting
that it varies independently of the glacial gradient
defined by nutrients, turbidity and temperature. Re -
si duals from an OLS regression of chl a on PC1_

28

Fig. 4. Detrended ordinary kriging predictions of near-surface nutrient concentrations (µM) of silicate (SiOH4), phosphate (PO4),
and dissolved inorganic nitrogen (DIN) in glacial fjords of the Gulf of Alaska during summer. PWS: Prince William Sound;
IBYAK: Icy Bay and Yakutat Bay; GLBA: Glacier Bay. Note differing scales among study regions sampled in different years
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glacier, PC2_glacier and study region had significant
spatial autocorrelation (Moran’s I test, p < 0.05). The
AIC-best GLS model (LRT: p < 0.001) in cluded an
exponential correlation structure and explained 67%
of the variability in chl a using PC1 and study region
as predictors (Table 2).

Chl a concentrations were lower in PWS compared
to other study regions (Table 2). A negative relation-
ship between chl a concentrations and PC1_glacier
indicated decreasing chl a concentration with in -
creasing nutrients, higher turbidity and lower tem-
peratures (Table 2, Fig. 6).

29

Fig. 5. Quantile map of trophic components measured in Prince William Sound (left), Icy Bay and Yakutat Bay (middle) and Gla-
cier Bay (right), Alaska. Glacier ice is shown in blue stipple. Processing methods for zooplankton biomass in Glacier Bay
(squares) differed from samples in other study regions (circles). Euphausiid volume and fish abundance in trawls was standard-
ized by distance towed (km). Only pelagic-feeding (fish and zooplankton) marine birds sighted on the water were included in 

the seabird density index
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Ecosystem component              Model        Predictor                                                     Coefficient      SE             t               p

Chl a (r2 = 0.67)                           GLS          PC1_glacier                                                    –0.154       0.017       –9.161     <0.001
                                                                       Study region GLBA                                         0.247       0.108         2.288       0.023
                                                                       Study region IBYAK                                      –0.208       0.165       –1.263       0.208
                                                                       Study region PWS                                         –1.200       0.193       –6.226     <0.001
                                                                                                                                                                                                     
Copepod Biomass (r2 = 0.27)      OLS          Ammonium concentration (all regions)         0.214       0.079         2.711       0.008
                                                                       Study region IBYAK                                      –2.961       0.660       –4.488     <0.001
                                                                       Study region PWS                                           3.766       1.109         3.396       0.001
                                                                       Temperature IBYAK                                        0.394       0.091         4.317     <0.001
                                                                       Temperature PWS                                         –0.550       0.153       –3.606       0.001
                                                                                                                                                                                                     
Euphausiid presence/absence  GLM         Gelatinous Zooplankton (GZ)                      –0.299       0.082       –3.667     <0.001
                                                                       Turbidity                                                           1.348       0.313         4.310     <0.001
                                                                       GZ–Turbidity interaction                                0.289       0.101         2.868       0.004
                                                                                                                                                                                                     
Fish CPUE PWS (r2 = 0.48)         GLS          GZ                                                                   –0.458       0.228       –2.009       0.055
                                                                       Turbidity                                                           1.881       0.502         3.748     <0.001
                                                                       GZ–Turbidity interaction                              –0.664       0.237       –2.802       0.009
                                                                                                                                                                                                     
Fish CPUE IBYAK (r2 = 0.43)      OLS          GZ                                                                   –0.327       0.084       –3.901     <0.001
                                                                       Turbidity                                                           0.855       0.604         1.415       0.163
                                                                       GZ–Turbidity interaction                                0.268       0.121         2.213       0.031
                                                                                                                                                                                                     
Fish CPUE GLBA (r2 = 0.17)       OLS          GZ                                                                   –0.156       0.112       –1.397       0.166
                                                                       Turbidity                                                           0.782       0.251         3.117       0.003
                                                                       GZ–Turbidity interaction                                0.146       0.152         0.957       0.341
                                                                                                                                                                                                     
Seabird Density (r2 = 0.42)         GLS          Silica (all regions)                                            0.065       0.017         3.872     <0.001
                                                                       Forage fish biomass (all regions)                    0.089       0.043         2.051       0.042
                                                                       Fjord GLBA                                                    –1.219       1.617       –0.754       0.452
                                                                       Fjord IB                                                             0.122       2.391         0.051       0.959
                                                                       Fjord PWS                                                        0.993       2.165         0.459       0.647
                                                                       Fjord YAK                                                      –6.312       1.999       –3.157       0.002
                                                                       Temperature GLBA                                         0.104       0.229         0.452       0.652
                                                                       Temperature IB                                              –0.045       0.338       –0.134       0.894
                                                                       Temperature PWS                                         –0.247       0.300       –0.824       0.411
                                                                       Temperature YAK                                           0.755       0.291         2.591       0.010

Table 2. Summary of results from regressions  of ecosystem components as a function of predictors sampled in glacier fjords in
the Gulf of Alaska. OLS: ordinary least squares; GLS: generalized least squares; GLM: generalized linear model; GLBA: 

Glacier Bay; IB: Icy Bay; YAK: Yakutat; IBYAK: combined IB and YAK;  PWS: Prince William Sound

Fig. 6. Study region specific linear relationships
(lines) between chl a index (fourth-root transformed
chl a concentrations anomaly, mg m−2) and the first
principal component (PC1_glacier) describing vari-
ability of glacially modified gradients in Gulf of
Alaska coastal fjords. Model results indicated that
intercepts for GLBA and IBYAK were not signifi-
cantly different from one another (Table 2), hence
regression line for IBYAK is not shown. Based on
PCA loadings of glacially modified gradients, in-
creasing values of PC1_glacier (arrow) indicate in-
creasing temperature, decreasing nutrients and de-
creasing turbidity. PWS: Prince William Sound;
IBYAK: Icy Bay and Yakutat Bay; GLBA: Glacier Bay
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Zooplankton

Zooplankton biomass estimates from plankton tows
(all species combined) were higher near glaciers at
the head of fjords in the more protected study regions
with greater estuarine influence (i.e. GLBA and
PWS), but lower near glaciers at the heads of fjords at
the more oceanic study region (IBYAK) (Fig. 3). In
GLBA zooplankton biomass was patchy, but higher
quantiles were generally observed adjacent to tide-
water glaciers, over the sill at the entrance to the Bay,
and in the shallow reaches of the eastern shore.

BRT analysis indicated ammonium and temperature
were the best predictors of copepod biomass in PWS
and IBYAK (Table 2). The AIC best-fit model included
ammonium and an interaction between temperature
and study region (OLS R2 = 0.27, p < 0.001).

Copepod biomass (sampled in IBYAK and PWS
only) was positively associated with temperature at
IBYAK and negatively associated with temperature
at PWS. In both study regions higher copepod bio-
mass was coincident with higher ammonium concen-
trations.

Euphausiids

CPUE of euphausiids was highest in near-surface
waters adjacent to glaciers (Fig. 5). In IBYAK they
also occurred near Malaspina Glacier outflows and
near marine sills in both bays. They were generally
absent at the shallow trawl depths away from glacier
runoff sources. BRT analysis on presence/absence
data indicated temperature, turbidity and gelatinous
zooplankton had high relative influence on euphau-
siid presence.

Euphausiid occurrence in near-surface trawls was
positively associated with high turbidity and low
gelatinous zooplankton abundance (Table 2). An
interaction between these variables was significant
because euphausiids also occurred in waters with
low turbidity and low gelatinous zooplankton in
Yaku tat Bay (Figs. 3 & 5), which may have been
mediated by currents or upwelling at this study
region. This model predicted euphausiid occurrence
accurately for 77% of observations.

Fish

Fish abundance in trawl catches was high near
tidewater glacier outflows, and near submerged sills
that demarcate previous positions of glacier termini

(Fig. 5). Large catches also occurred in areas of low
turbidity away from glacial influence in Yakutat Bay
and Glacier Bay. A simple index of proximity to gla-
cial outflow, i.e. the proportion of the total catch for a
given species within 10 km of a glacier runoff source
(44% of stations in GLBA, 48% of stations in IBYAK
and 61% of stations in PWS), revealed which fish
species were more likely to occur in glacially modi-
fied habitats (Table 3).

For example, young-of-the-year fish, including
wall eye pollock, capelin and herring, dominated
trawl catches (Table 3). Immature and spawning
capelin, adult pollock and euphausiids were impor-
tant in catches within 10 km of glaciers. In IBYAK
and GLBA large catches of capelin were observed far
from glaciers as well (Table 3). The typically meso-
pelagic northern lampfish was relatively abundant in
shallow glacial waters in GLBA, and longfin smelt
were observed only in IBYAK. Pacific sand lance
were most abundant in areas without glacial influ-
ence in GLBA, and they were rare or absent from
catches in IBYAK and PWS (Table 3). Gelatinous zoo-
plankton volume was lowest in IBYAK, and the
greatest proportion of the total catch by fish species
was observed >10 km from tidewater glaciers in all
study regions (Table 3). BRT analysis indicated tur-
bidity, gelatinous zooplankton and the interaction
between these variables had a strong influence on
fish abundance (Table 4).

Fish abundance was significantly related to gelati-
nous zooplankton volume and turbidity at all 3 sites.
Due to limited overlap of these variables among sites
and a difficult interpretation of a 3-way interaction
among site, gelatinous zooplankton and turbidity, we
ran separate regressions for each site. Still, the
response of fish CPUE to gelatinous zooplankton and
turbidity at all sites was similar (Table 2). The inter-
action between gelatinous zooplankton and turbidity
suggested that fish were more abundant in turbid
waters with low gelatinous zooplankton catch, while
fish abundance was lowest in clear water or where
gelatinous zooplankton were more abundant (PWS:
GLS, R2 = 0.48; IBYAK: OLS, R2 = 0.43, p < 0.001, and
GLBA: OLS, R2 = 0.20, p < 0.001, Table 2, Fig. 5).

Seabirds

The pelagic-feeding marine bird community was
dominated by black-legged kittiwakes, marbled and
Kittlitz’s murrelets, and glaucous-winged gulls. Over-
all, marine bird densities were highest in GLBA com-
pared to other study regions (Tables 1 & 3, Fig. 3).
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Seabird at-sea densities may have been underesti-
mated in PWS and IBYAK because we sampled to-
wards the end of the breeding cycle when chicks be-
gin to fledge and adults disperse because they are
less tied to the nesting areas, although timing of
breeding phenology may differ among years (Arim-
itsu et al. 2011). BRT analysis revealed high relative
influence of fish biomass, silicate, temperature and
fjord variables on seabird density (Table 4). Glacier
distance was also important but was strongly corre-
lated with other predictors so was not used in the re-
gression analysis. We also explored models that con-
tained interactions between silicate, fjord (i.e. allowing
differences between IB and YAK in addition to other
study regions) and temperature as identified in the
BRT analysis (not shown).

The most parsimonious seabird density model in -
cluded silicate, forage fish biomass, and temperature

by fjord (GLS R2 = 0.43, p < 0.001;
Table 2). Higher density was ob served
with increasing silicate levels and in-
creasing forage fish biomass. Higher
seabird densities were associated with
higher temperatures in YAK, but the
slope of the linear relationship be -
tween seabird density and temperature
was not significantly different from
zero in GLBA, IB or PWS (Table 2).

DISCUSSION

Similar to work in other high-latitude
fjords systems throughout the world
(Burrell 1988, Gibbs et al. 2000, Hop et
al. 2002, Silva et al. 2011), we found
that glacial runoff modified near-sur-
face habitat gradients in turbidity, tem-
perature, stratification and nutrients
and these effects were strongest up to
10 km away from glacier freshwater
sources. The distributions of phyto-
plankton and higher trophic level pred-
ators were influenced by glacially mod-
ified physical and nutrient gradients in
addition to biologically important in-
dices like prey availability (Table 2).
Likewise, research in the Antarctic
found that enriched terrigenous input
from glacial melt water was associated
with densities of phytoplankton, zoo-
plankton and pelagic seabirds (Smith
et al. 2007). The insights gained from

our integrated ecosystem approach generally concur
with previous work in glacial fjords that focused on in-
dividual ecosystem components such as sedimentation
and hydro graphic processes (Syvitski 1989, Gay &
Vaughan 2001), phytoplankton (Etherington et al.
2007, Piwosz et al. 2009), and higher trophic level or-
ganisms in glacially active coastal fjords (Arimitsu et
al. 2012, Renner et al. 2012, Lydersen et al. 2014,
Grémillet et al. 2015). In these studies and ours,  glacial-
marine ecosystems around the world are highly struc-
tured by runoff at spatial scales of 10s of km.

Fjord ecosystem response to glacial runoff

Near-surface nutrient concentrations were often
greatest near glacial outflows, especially in the tur-
bid tidewater glacier runoff plumes where nutrient

                                                Copepods  Euphausiids     Fish         Marine 
                                                                          (0/1)                              birds

Model outputs                                                                                           
Tree complexity                             5                   2                 4                 2
No. of trees                                  3550             2700           1700           5800
Model residual deviance            0.28              0.74            1.45            0.40
CV deviance (SE)                   0.54 (0.06)   1.03 (0.07)  2.33 (0.23) 0.78 (0.11)
Training data correlation            0.81              0.76            0.78            0.85

Relative influence of variables                                                                
Study region                               0.21*                0               0.58            2.33
Fjord                                             0.46              0.18            0.45          12.47*
Chlorophyll a                              6.35*             3.36            2.75            3.27
Ammonium                                17.41*            3.89             3.3             4.66
Nitrite                                           5.54               2.7             6.41             3.4
Nitrate                                           5.8               4.24            3.31            3.65
Silica                                             7.17              5.23            5.09          12.15*
Phosphate                                     3.8               3.58            3.35            2.33
Temperature (ave. 50 m)           12.59*            16.6             4.5           11.29*
Salinity (ave. 50 m)                      6.94              4.85            1.82            2.25
Turbidity Index (ave. 15 m)         5.4               22.6               3              2.03
Stratification                                5.07              1.06            2.98            4.06
Glacier area within 10 km          3.64              2.01            0.89            0.54
Bottom depth                               5.43               2.9              5.5             2.43
Distance from shore                    2.75              1.37            3.06            3.87
Photic depth                                 2.86              6.12            1.46            1.35
Distance to glacier                        3.7               4.15            4.18             9.6
Zooplankton biomass                    −                1.93            2.76            2.98
Gelatinous zooplankton CPUE     −               11.78         14.89*          5.47
Euphausiid CPUE                          −                   −               7.23            0.88
Forage fish biomass                       −                   −                                   8.9

Table 4. Boosted regression tree results, including model outputs (see Elith et
al. 2008) and relative influence (%) of each predictor variable for lower (cope-
pod), middle (euphausiids, fish), and upper (marine bird) trophic level re-
sponses to physical and biological habitat variables. Prey indices, study re-
gion, variables with relative influence >10% and interactions (indicated by
asterisks) were used as predictors (in bold) in parametric models (see Table 2).
0/1 indicates presence/absence; ‘−’ indicates the variable was not included in 

the model (see ’Materials and methods’)
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demand by primary producers was low. A negative
relationship between chl a and glacially modified
gradients (i.e. high nutrients, low temperature, high
stratification and high turbidity; Table 2, Fig. 6) sug-
gests nutrient depletion occurs at the highest chl a
concentrations where lower turbidity allows greater
light penetration into the water column. Nutrient
depletion associated with high chl a concentrations
during productivity blooms was also reported from
fjords in Greenland (Juul-Pedersen et al. 2015).
Nutrient data were consistent with previous work
that shows glacier runoff contains elevated levels of
rock-derived elements such as silicate and phos-
phate (Hood & Scott 2008). Freshwater sources of
nitrogen can be highest in moderately glaciated
watersheds dominated by early successional, nitro-
gen-fixing vegetation (Hood & Scott 2008), however
concentrations of upwelled marine sources of nitro-
gen may exceed those of freshwater sources (Burrell
1988). Moreover, work by Juul-Pedersen et al. (2015)
suggests that estuarine circulation resulting from
glacier runoff during the melt season causes
upwelled marine nutrients to stimulate primary pro-
duction near sills in Greenland fjords.

We observed opposite patterns of zooplankton dis-
tribution relative to glacier freshwater influence in
protected vs. oceanic bays and fjords (Fig. 5). Higher
copepod biomass was associated with cooler temper-
atures near glaciers at the head of fjords in the most
protected study region (PWS), but in warmer waters
far from glacier runoff in the study region most
exposed to open ocean (YAK). Zooplankton excrete
ammonia (Ikeda & Motoda 1978) thus the positive
relationship between these variables was not surpris-
ing (Table 2). Overall, however, our models ex -
plained relatively little of the variability in copepod
biomass (PWS and IBYAK only), which is likely influ-
enced by factors we did not measure such as subsur-
face advection into the fjords associated with estuar-
ine circulation (Burrell 1988, Mueter et al. 2009). The
negative relationship between copepod biomass and
temperature in PWS, the study region with lowest
mean salinity in the upper 50 m of the water column
(Table 1), suggests advection towards the head of the
fjord is an important factor in their relatively higher
abundance there. Basedow (2004) found advective
gain of neritic copepod species and stages into fjords
in Svalbard is related to fjord topography and sill
depth. High zooplankton biomass at both ends of the
glacier-induced habitat gradients is suggestive of
 differing processes affecting plankton dynamics in
freshwater vs. marine regions. This has been previ-
ously shown through differing zooplankton produc-

tivity cycles in glacial vs. non-glacial areas of GLBA
(Robards et al. 2003).

We documented a positive response of euphausiids
and planktivorous fish (e.g. walleye pollock and
capelin) to high turbidity conditions and the scarcity
of gelatinous zooplankton within the glacier plume
waters in all of the fjords systems we examined
(Fig. 5). The co-occurrence of euphausiids and
plank ti vorous fish in the inner fjords is consistent
with work in other tidewater glacier fjords (Dalpa da -
do et al. 2016) and may be explained by   predator−
prey dynamics in the presence of high turbidity. Lab-
oratory studies suggest that high turbidity reduces
light intensity, enhances feeding opportunities (more
zooplankton food) and reduces predation pressure
(fewer possible consumers) for planktivorous fish (De
Robertis et al. 2003). The positive relationship be -
tween fish abundance and turbidity has been docu-
mented in estuaries elsewhere (Blaber & Blaber
1980, Emmett et al. 2006). Both euphausiid (pres-
ence/absence) and fish abundance indices were neg-
atively associated with gelatinous zooplankton abun-
dance in trawl catches. Our results are supported by
long-term data which suggest higher abundances of
jellyfish are associated with warmer temperatures
and lower abundance of forage fish competitors
(Brodeur et al. 2002, Purcell 2005). Although net
avoidance by faster-swimming fish in clear water
during daylight hours may have contributed to vari-
ability in catch composition (Blaxter & Parrish 1965,
Williams et al. 2015) and thus confounded our differ-
ential catch rates in turbid vs. clear waters, the con-
sistent observation that all 3 taxa (i.e. slow-moving
euphausiid and gelatinous zooplankton as well as
faster moving fish) exhibited similar catch patterns
across all study regions (Table 2) suggests it was not
simply due to net avoidance by visually oriented fish.

A positive relationship between seabirds and for-
age fish biomass across the fjords we examined was
not surprising given the high energetic demands of
breeding marine birds (Cury et al. 2011) and their
strong tendency to aggregate around prey schools at
sea (Piatt et al. 2007). Less intuitively, our data indi-
cated that silicate, an inorganic nutrient of no direct
use to seabirds, was an important predictor of seabird
distribution. Riverine sources provide roughly 80%
of the available silicate to the world’s oceans (Tré -
guer et al. 1995), and silicate is an important compo-
nent of the marine biogeochemical cycle particularly
with regards to the growth of diatoms (Pichevin et al.
2014). In glacial fjords chemical weathering of rock
and riverine sources supply high levels of dissolved
silicate to fjord waters. Thus silicate is probably not a

35
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limiting nutrient for primary production (mainly
diatoms) in the fjords. Further, it’s unlikely that the
seabird−silicate relationship was due to an indirect
trophic linkage mediated by phytoplankton because
the influence of chl a on marine bird density was rel-
atively low (Table 4).

An alternate explanation for the relationship be -
tween seabird density and silicate concentrations is
that unused silicate in the near-surface waters may
serve as a proxy for frontal regions or upwelling, both
of which are known to aggregate prey and attract
marine bird and mammal predators (Ainley et al.
2005). In glacial fjord systems, vertical mixing of low-
density water may occur near submerged glacial dis-
charge and calving glacier faces (Bartholomaus et al.
2013), and upwelling of high-density water may
occur in frontal regions over marine sills through
constricted passages (Svendson 1986). Our data sug-
gests silicate may be a better indicator of upwelling
than seawater density in fjords with strong melt
water-induced environmental gradients.

Comparison of glacial fjord ecosystems

Similarities among the fjords we sampled could be
traced to the unifying influence of glacial runoff dur-
ing the summer melt season. Common in surface
waters of all fjords were the conditions of high tur-
bidity and low phytoplankton stocks in the glacial
runoff plume. Euphausiids, spawning capelin, adult
walleye pollock, snake pricklebacks and stout eel-
blennies commonly occurred in the dispersed marine
scattering layer of the upper water column near tide-
water glaciers (Table 3). Seabird species well-adap -
ted to turbid foraging conditions in the glacier plume,
such as Kittlitz’s murrelets, black-legged kittiwakes
and Arctic terns were observed feeding on euphausi-
ids brought to the surface during calving events and
were also abundant in the glacial plume areas
(Table 3, Arimitsu et al. 2012). Osmotic shock from
freshwater may also enhance foraging opportunities
for seabird predators (Lydersen et al. 2014) by caus-
ing euphausiid mortality near tide-water glaciers
(Zajacz kowski & Legeżyńska 2001).

Whereas similarities among fjords were due to
environmental gradients caused by glacial runoff,
differences among study regions were due in part to
differing topographic complexities (e.g. steep shal-
low sills marking previous glacier termini, con-
stricted fjord passageways, adjoining inside waters
vs. open ocean) that modify sediment, salinity and
nutrient distribution in concert with strong tidal cur-

rents (Svendson 1986, Syvitski 1989, Hill et al. 2009).
High and sustained chl a standing stocks from spring
through fall months has been documented in GLBA
(Etherington et al. 2007), and this is most likely due to
nutrient replenishment from freshwater sources, and
to a larger extent, to upwelling over sills and through
constricted passageways after the initial spring
bloom period. In contrast, owing to nutrient depletion
following the light-induced spring bloom, south-
central Alaska and offshore areas adjacent to PWS
undergo 2 chl a peaks in spring and fall, with lower
chl a standing stocks through June and July (Chil -
ders et al. 2005, Strom et al. 2006, Waite & Mueter
2013).

Although the single ‘snapshot’ approach we used
limited our ability to assess temporal variability as a
contributing factor to the ecological patterns we
observed, many of the spatial patterns we identified
are likely to be representative of these systems dur-
ing the peak melt season. For example, long-term
data on physical conditions and chl a concentrations
showed relatively stable spatial patterns in physical
variables and persistent chl a peaks through the sum-
mer in GLBA, particularly in the central part of the
bay (Etherington et al. 2007). Likewise, hydrographic
studies in bays and fjords of PWS suggest similar spa-
tial variation due to glacial inputs over time (Gay &
Vaughan 2001). Speckman et al. (2005) documented
this well in lower Cook Inlet, where spatial variability
in freshwater-induced physical gradients and pat-
terns of community structure persisted in the face of
large inter-annual variations in ocean temperature,
including the strong 1998 El Niño event. In their dis-
cussion, the authors concluded that spatial variability
among habitats and community structure far ex -
ceeded interannual variability. Indeed, it was the
pattern of persistent animal distribution within fjord
ecosystems that inspired our search for underlying
causal factors, and to compare among fjords. Still, we
are unable to rule out the possibility that temporal
variability played a role in the differences we ob -
served among study regions. Future work would
benefit from a sampling design that facilitates a
greater understanding of seasonal and interannual
variability among study regions.

Climate change and the future of glacial-marine
ecosystems

Under current climate projections, glaciers will
continue to melt across the globe (Jacob et al. 2012,
IPCC 2014), and over time glaciers fjords of Alaska
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and other high-latitude systems will transition into
non-glacial systems. Glacial and non-glacial fjord
systems differ in the volume and timing of freshwater
delivery to coastal systems (O’Neel et al. 2015) and
also in the thermal structure of plume waters. Drink -
water & Frank (1994) described freshwater influence
on circulation patterns, vertical stability, mixing and
nutrient exchange processes and regulation of pri-
mary production on coastal ecosystems in non-glacial
systems. In glacier fjord systems, estuarine circula-
tion is similarly driven by freshwater runoff, how-
ever, a broader and sustained peak in runoff results
from tighter coupling to air temperature than is ob -
served in precipitation-dominated systems (Fleming
2005, O’Neel et al. 2015). This basic hydrographic
difference results in more stable and prolonged influ-
ence of freshwater during the melt season (spring−
summer) in glacial vs. non-glacial systems.

We anticipate continued changes in the volume
and magnitude of glacial runoff will affect coastal
marine food webs in the future. Due to the strong
structuring effects of turbidity and light penetration
into the water column, changes to the influx of glacial
sediments will alter the distribution and abundance
of phytoplankton, zooplankton and forage fish in the
plume waters. The nature of the effects on the biol-
ogy of coastal ecosystems will depend on the ability
of species or communities to tolerate and adapt to
changing conditions. Glacial fjords provide impor-
tant spawning and nursery areas for important forage
fish species, and serve as cool-water refugia for spe-
cies, like capelin, that are dependent on cold water
for growth and dispersal (Rose 2005, Arimitsu et al.
2008). Local populations of predators that are associ-
ated with diminishing glacial habitats for breeding,
such as Kittlitz’s murrelets and harbor seals, may
experience declines (Kuletz et al. 2003, Kissling et al.
2007, Womble et al. 2010). On the other hand, plank-
tivorous seabirds in Arctic fjords have demonstrated
plasticity in their foraging behavior over a wide
range of conditions allowing them to maintain fitness
under climate warming scenarios (Grémillet et al.
2012).

Conclusion

Near-surface conditions resulting from glacial
runoff underpinned coastal ecosystem structure in
fjord ecosystems of the Gulf of Alaska. Phytoplank-
ton are regulated by light and nutrient availability,
and both of these factors are modified in coastal
waters by influx of freshwater associated with high

levels of glacier runoff. Glacially modified habitat
gradients influenced the abundance and distribution
of plankton, fish and seabirds in these productive
coastal ecosystems. Our results agree with studies of
Arctic and Chilean fjord ecosystems (Hop et al. 2002,
Palma & Silva 2004, Vargas et al. 2008, Lydersen et
al. 2014, Grémillet et al. 2015), pointing to similarities
among high-latitude glacier fjord ecosystems world-
wide.

The crossroads of glacial runoff and marine influ-
ences, as well as tidal interaction with complex fjord
geometry, creates productive waters for pelagic com-
munities. Coastal areas in the Gulf of Alaska are
important nursery areas for fish, serve as feeding and
breeding areas for marine predators, and are of
importance to resource managers. Most of Alaska’s
glaciers are thinning and receding rapidly, and gla-
cier volume loss in the region is expected to increase
through the 21st century (Radic et al. 2014, Clarke et
al. 2015). We anticipate that continuing changes in
volume and timing of glacier runoff will alter the
land-to-ocean fluxes of cold glacier freshwater, sedi-
ment and nutrients to coastal ecosystems (O’Neel et
al. 2015). Our results suggest that future changes in
material fluxes from glaciers will affect near-shore
marine food webs by altering the physical and bio-
geochemical structure of fjord ecosystems.
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