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Limnology of lakes in Katmai National Park and Preserve, Alaska:
nutrients and plankton

J. D. LaPerriere’ and J. R. Jones

Introduction

Two lakes in Katmai National Park and Preserve,
Brooks and Naknek, were among the first examined
for phytoplankton productivity and nutrient limita-
tion (GOLDMAN 1960). This information was ancil-
lary to studies of sockeye salmon in the Naknck
River drainage, a component of the Bristol Bay fish-
ery (Buck et al. 1978). GoLpman (1960) found that
both lakes were exceptionally clear (except the Hiuk-
Arm of Naknek Lake which receives ash and pumice
from the volcanic area, the Valley of Ten Thousand
Smokes, and glacial flour from meltwater), phy-
toplankton grew deep within the water column, and
nutrient bioassays showed a positive response to
nitrogen.

This project established baseline water quality in
major lakes within the Katmai National Park and
Preserve (LAPERRIERE 1997, LAPERRIERE & EpMUND-
SON 2000). In this paper information on the trophic
state and nutrient limitation of the Katmai lakes is
presented. In addition, we determined how measure-
ments from these remote lakes on the Alaskan Penin-
sula compare to various published empirical plank-
ton—-nutrient relations.

Methods

Lakes were sampled at a central location from a float-
plane on one occasion during early August
1990-1992; Battle, Brooks, Coville, Grosvenor,
Kulik and Nonvianuk Lakes were also sampled in
1993 (see LAPERRIERE (1997) for site descriptions
and map). Idavain Lake was sampled once in 1990
and weather conditions allowed sampling of Ham-
mersly Lake only in 1991 and 1992. Data from these
lakes are presented in Table 1 for documentation but
they were not included in the analysis.

Nutrient samples were taken in triplicate with a
Van Dorn sampler at a depth of 2 m and delivered
into Cubitainers and placed in an insulated cooler.

"Deceased.

To determine the vertical distribution of phy-
toplankton, triplicate samples were taken at depths
of 1 m, the Secchi depth, and twice the Secchi
depth. Triplicate vertical hauls with a 20-pm mesh
zooplankton net (0.235 x 1 m) were made from just
above the bottom of cach lake and these samples
were stored in 60-mL Nalgene bottles with 3 mL of
buffered formalin.

At the field lab in 1990, samples for total phos-
phorus (TP) were poured into 50-mL acid-washed
Nalgene bottles, frozen, and analyzed at the Univer-
sity of Alaska Fairbanks (UAF) using persulfate
digestion (EISENREICH et al. 1975). After 1990, tripli-
cate samples for both TP and TN (total nitrogen)
were transferred to screw-cap culture tubes, and TN
samples were preserved with sulfuric acid. Persulfate
digestion and analyses of TP (Preras & RIGLER
1982) and TN (CRUMPTON et al. 1992) were per-
formed in the original culture tube at the University
of Missouri.

In 1990, triplicate composite samples for chloro-
phyll (Chl) were prepared by filtering equal sample
volumes from the three depths through a single Gel-
man A/E glass fiber filter (ca. I-um pore size). In
1991 and 1992, two to three 1-L samples from each
depth were filtered separately and results were aver-
aged. Filters were made alkaline with 1 mL of satu-
rated MgCO, and stored frozen over desiccant until
processed. Chlorophyll filters were ground with an
electric pestle and analyzed for total chlorophyll «
(Chl, uncorrected) on a flucromerer (APHA 1989).
Samples from 1991 were not successfully read
because of a laboratory error. Zooplankton samples
were washed to remove preservative and analyzed for
dry weight and ash-free dry weight (organic content)
using pre-ignited glass fiber filters (APHA 1989).

Data were averaged across samples in a given sum-
mer to arrive at a summer mean, and these were
averaged over time to arrive at the lake mean used in
the analyses. Lake means were normalized (log)
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Table 1. Lake mean total phosphorus (TP), total nitrogen (TN), TN:TP values, rotal chlorophyll and zoop-
lankron as ash-free dry weight (ng/L) for Katmai lakes, 1990-1993. Number of summer mean values used to
calculate the lake mean are given in parentheses. Data from Lakes Hammersly and Idavain are included but

were not part of this analysis. Missing data indicated by a dash.

Lake TP TN TN: TP Total chlorophyll ~ Zooplankton
pg/L pg/L pg/L ng/L
Battle 2 (4) 222 (3) 99 0.1(3) 0.9 (3)
Brooks 5 (4) 92 (3) 18 0.5 (3) 25 (3)
Coville 10 (4) 146 (3) 15 1.3 (3) 25 (3)
Grosvenor 4 (4) 223 (3) 52 0.7 (3) 18 (3)
Kukaklek 4 (3) 118 (2) 30 0.6 (2) 28 (3)
Kulik 4 (4) 377 (3) 94 0.7 (3) 4 (3)
Murray 4(2) 149 (2) 33 0.4 (2) 11 (3)
Naknek 5(3) 164 (2) 33 0.7 (2) 15 (3)
Novianuk 4 (4) 206 (3) 46 0.6 (3) 50 (2)
Hammersly 4(2) 185 (2) 46 0.6 (1) 9.5(2)
Idavain 22.(1) - - 1.0 (1) 144 (1)

when appropriate, and significance was set at 0.05.

Nutrient stimulation bioassays (JONES et al. 1990)
were conducted on Coville and Grosvenor Lakes in
1992, and on Brooks and Kulik Lakes in 1993.
Near-surface water (-0.5 m) was placed into 10-L
Cubitainers. Triplicate containers were treated with
N (adding 75 pg N/L as ammonium nitrate), with P
(adding 5 pg P/L as sodium orthophosphate), with
both N and P together at these concentrations, and
with no additions as controls. In Coville Lake, 10 Hg
P/L were added in each P addition to double lake
values. Cubitainers were suspended at one-half the
Secchi depth for 4 or 5 days. Triplicate samples of
each were filtered through GE-C glass fiber filters
(1.2-pm pore size) and stored in desiccant. They
were extracted in hot ethanol and analyzed for Chl
using a fluorometer (KNowLTON 1984, SATORY &
GROBBELAAR 1984). Statistical differences among
treatments were analyzed by a one-way analysis of
variance followed by a least significant difference test
(alpha = 0.05).

Results

Nutrient and chlorophyll values were uniformly
low in the Katmai lakes (Table 1), suggesting
oligotrophic conditions. Lake mean values of
TP ranged between 2 and 10 ng/L, TN ranged
between 92 and 377 pg/L and Chl was <1.3
ng/L.

The strength of an empirical Chl-TP relation
(R* = 0.78) and its steep slope (>1.3) largely

stem from the position of Battle Lake at the
lower end of the distribution and Colville Lake
at the upper end of this narrow range of values
(Fig. 1, Table 1). Comparisons with published
empirical Chl-TP relations, adjusted to this
same TP range (2-10 pg/L), show that the Kat-
mai lakes behave similarly to other Alaskan
lakes (Table 2). Collectively the Katmai data fit
within the empirical Chl-TP relation for clear
Alaskan lakes of varying typology (Fig. 1, data
from EDMUNDSON & CARLSON 1998). In a com-
bined dataset, 66% of Chl variance is explained
by TP. The Chl=TP relation from lakes near
Cook Inlet, Alaska (single sample survey data
collected by BELL et al. 1993) also provides rea-
sonable Chl predictions (Table 2). In these
Alaskan lakes the Chl: TP ratio averaged <0.15,
and Chl-TP models have slopes >1 and small
intercepts (Table 2).

Within this narrow TP range, global lake
datasets have Chl:TP ratios berween (.22 and
0.5 (Table 2) and Chl-TP models fitted to
these data overestimate Katmai Chl (Table 2)
by 0.3 pg/L (JoNes & BaCHMANN 1976) to 1.3
pg/L (WATsON et al. 1992, NURNBERG & SHAW
1998). Interestingly, when limited to this P
range, global data taken from WaTsoN et al,
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Fig. 1. Relationship (log scale) between chlorophyll and total phosphorus in the Katmai lakes (left panel),
and the Katmai data combined with data from clear Alaskan lakes (right panel) from EbMunDson & Cari-
SON (1998).

Table 2. Chlorophyll-phosphorus models for the Katmai lakes and datasets from the literature limited to TP
values from 2 to 10 pg/L. The mean ratio of ChETP is presented in the original dataset in addition to com-
parisons of predicted and observed Chl values in the Katmai lakes (bias) for each model. Mean square error
was calculated as the sum of the mean difference squared and the variance.

Model for dara limited to Equation for log Chl Chl:TPratioin Mean difference between Mean square
TP =2-10 pg/L date set (mean) predicted and observed error
chlorophyl! (bias)

Intercept ~ Slope for

log TP
Katmai, Fig. 1, n =9 -1.13 1.35 0.13 -0.001 0.036
Alaskan Lakes, Fig. 1 —1.4 1.76 0.15 0.005 0.146
(EpmunDsonN & CARLSON 1998),
n=48
Katmai and Alaskan Lakes, -1.36 1.69 0.15 0.034 0.111
Fig. 1,0 =57
Cook Inlet Lakes, -0.91 1.02 0.14 —0.026 0.018
(AK unpublished), n = 156
(PIENITZ et al. 1997) —0.45 0.55 0.20 0.19 0.062
Yukon and NWT, n = 22
(JoNEs & BACHMANN 1976) -0.75 1.08 0.22 0.33 0.162
global data, n = 54
(WATSON et al. 1992) -0.05 0.505 0.53 1.28 1.66
Global data, n = 150
(NURNBERG & SHAW 1998) 0.02 0.42 0.49 1.34 1.82
Global data, n = 111
(STOCKNER & SHORTREED 1985) —0.13 1.02 0.83 2.95 10.76

British Columbia, n = 52
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(1992) and NURNBERG & SHAW (1998) resulted
in weak Chl-TP models (R* = 0.1), with large

intercepts (>0.9 pg/L) and slopes of around 0.5
(Table 2).

A Chl-TP model from lakes in the Yukon
and Northwest Territories, Canada (mean
ChLTP = 0.2, PiEnITZ et al. 1997) predicts Kat-
mai Chl reasonably well, while predictions
based on data (mean Chl:TP = 0.83) from fer-
tilized lakes in coastal British Columbia
(STOCKNER & SHORTREED 1985) greatly overes-
timate observed Chl (Table 2).

With two exceptions (Brooks and Coville
Lakes) weight ratios of TN:TP were >30
(Table 1), suggesting phosphorus limitation.
The correlation between mean TN and TP was
not significant among these lakes, nor was the
correlation between Chl and TN. The ratio of
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ChL:'TN (as pg/mg) averaged 3.9 in the Katmai
lakes. This value closely matches other Alaskan
lakes considered, and lakes in the Yukon and
Northwest Territories (Table 2). It is, however,
much smaller than ratios within the other
datasets considered (Table 2), and expected val-
ues based on empirical ChI-TN models (Can-
FIELD 1983, PRIDMORE et al. 1985).

Nutrient stimulation bioassays reconfirmed
N limitation in Brooks Lake when the lake
water had a TN:TP ratio of 8, and was demon-
strated in Coville Lake when TN:TP was 15
(Fig. 2). Phosphorus limitation was demon-
strated in Grosvenor and Kulik Lakes (Fig. 2)
when TN:TP was >60. There was a secondary
response in most of these experiments to the
nutrient that was not, by itself, stimulating. In
Kulik Lake, where N was highest and P was
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Fig. 2. Nutrient enrichment bioassays conducted in Colville, Grosvenor, Kulik and Brooks Lakes. Initial val-
ues are shown for reference, differences among treatments (alpha = 0.05) are indicated by letters, treatments

with the same letter were not statistically different.



1014

stimulating, additional N depressed growth
alone and in combination with P.

Zooplankton biomass ranged from 0.9 pg/L
in Battle Lake to 50 pg/L in Novianuk Lake,
with an overall mean of 20 pg/L (Table 1). Kat-
mai lakes behave similarly to the empirical
equations of HANSON & PETERs (1984); zoop-
lankton biomass predicted with TP, averaged
23 pg/L (range 11-46 pg/L) and predictions
using Chl averaged 21 pg/L (range 9-32
pg/L). In both cases, biomass estimates were
overpredicted for Battle Lake by about 10-fold.
The empirical equations of Pace (1984) or
SHORTREED & STOCKNER (1986) overpredicted
zooplankton biomass in all lakes by at least 3-
to 4-fold. Zooplankton biomass exhibited little
vertical heterogeneity in the detailed samples
from Coville and Grosvenor Lakes, probably

because of deep circulation.

Discussion

In all cases, nutrient and Chl values from the
Katmai lakes (Table 1) closely match or are
below the typical cut points for oligotrophic
lakes (NURNBERG 1996). Orthograde oxygen
profiles within each lake (LAPERRIERE 1997),
and Secchi measurements berween 5 and 17 m
(LAPeRRIERE & EpMUNDSON 2000), also sup-
port this classification. These pristine lakes,
located near Bristol Bay of the Pacific Ocean,
are discontinuous cold polymictic, mixing occa-
sionally to great depth due to coastal storms
(LAPERRIERE 1997).

The slope of the Chl-TP relation for these
clear Katmai lakes suggests that algal biomass is
exponentially responsive to increases within this
low and narrow P range (Fig. 1). Deep mixing
may contibute to this pattern. MAZUMDER
(1994) found that the Chl increase per unit TP
is greater (larger slope) in mixed systems than in
stratified systems. Values of Chl and TP in the
Katmai lakes are below the range of Mazum-
DERS (1994) values so the present data may
expand this generalization. A strong Chl-TP
response was also found among warm polymic-
tic reservoirs in Thailand (JonEs et al. 2000).

The steep Chl-TP slope in the Katmai lakes
contrasts with the weak Chl-TP response
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found in some heterogeneous databases with
<10 pg/L TP (WatsoN et al. 1992, Niirnberg
& Shaw 1998, Table 2).

Low ChLTP in the Katmai lakes (small inter-
cept) is consistent with the finding that deep
lakes support low levels of Chl per unit of P
(PRIDMORE et al. 1985). Low Chl:TN ratios in
the Katmai lakes are also consistent with this
conclusion. The expectation that mixed systems
support high Chl:TP ratios (MazuMDER 1994)
is not supported by data from these olig-
otrophic lakes. Low Chl:'TP is also associated
with the effect of large grazers on algal biomass,
considered strongest in oligotrophic lakes
(McQUEEN et al. 1986). Information was not
available on zooplankton community structure
to directly test the importance of herbivory on
algal biomass (Mazumper 1994), but theory
suggests that intense predation by juvenile sock-
eye salmon in some of these lakes would result
in small grazers and thereby favor high, rather
than low, Chl yields.

Naknek and Brooks Lakes were among the
first evaluated as N limited (GoLbman 1960).
This evaluation was reconfirmed for Brooks
Lake by the bioassay (Fig. 2), and the TN:TP
ratio herein (Table 1). Coville Lake was also
evaluated as N limited by both methods. Proba-
ble P limitation was suggested by TN:TP in
Naknek Lake, where GorLpman (1960) found
N limiting (Table 1). The difference can be
attributed to differences in sampling locations
in the two studies. In the present study, Naknek
Lake, where the clear waters of the North Arm
mixed with the turbid Iliuk Arm, was sampled
whereas GOLDMAN (1960) sampled the turbid
Hiuk Arm. An incidental sample from this loca-
tion in 1992 suggested potential N limitation.
Most Katmai lakes showed potential P limira-
tion based on TN:TP, and bioassays confirmed
this in Grosvenor and Kulik Lakes (Fig. 2).

The question arises: why are both N- and P-
limited lakes found in this region? Sustained P
loading to some lakes could possibly be from
ash from volcanic eruptions which, in this area,
tends to contain P and no N (MaTHISEN & PoOE
1978). The patterns of ashfall near Katmai Park
and Preserve are complex, as are tephra layers in
the soil profile (FiresTEIN & HILDRETH 1992),
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making it difficult to quantify present-day P
fertilization from this source. Ash-laden waters
fertilize the Iliuk Arm of Naknek Lake where
GoLpMAN (1960) found N limitation. Spawned
out sockeye salmon carcasses undoubtedly
bring marine-derived nutrients into the Katmai
lakes at an N:P ratio of about 6 (MATHISEN et
al. 1988). Coville and Brooks Lakes are known
to support large salmon runs and this source
may help explain N limitation. Extensive wet-
lands within the watersheds of Colville and
Brooks Lakes may also contribute to N limita-
tion by denitrification of inflows (VyMazaL
1995). Several large lakes in the study also have
extensive wetlands but these may be unimpor-
tant because of other watershed influences. For
example, N-limited Colville Lake drains into P-
limited Grosvenor Lake, and it is assumed that
inflows to the lower lake account for this differ-
ence. GUNTHER (1989) reported that nitrogen
fixation by lichens was low in the watershed of
Brooks Lake relative to atmospheric inputs in
this remote location. Collectively, this informa-
tion suggests that nutrient limitation in the
Katmai lakes results from complex factors.
Zooplankton biomass data match expected
values using the empirical equations of Hanson
& PeTERS (1984) bur the values were much
lower than predictions based on Pack (1984) or
SHORTREED & STOCKNER (1986). Grazing pres-
sure by juvenile sockeye salmon probably deter-
mines the crustacean biomass in some of these
systems. Low zooplankton biomass in Bartle
Lake (Table 1) may be a response to low pH in
the inflow or aluminum values above the
chronic criterion for the protection of aquatic

life (LAPERRIERE 1997).
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