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Abstract

Environmental factors associated with deep chlorophyll maximum (DCM) layers were

examined in five lakes of the McMurdo Dry Valleys, Antarctica, to test the hypothesis that

DCM are more closely associated with resource limitations than water density. Because

data could not be transformed to meet the assumption of normal distribution, distance

matrices were constructed from vectors of observed chlorophyll-a (CHL), photosynthetic

active radiation intensity (PAR), soluble reactive phosphorous (SRP), dissolved inorganic

nitrogen (DIN), dissolved oxygen (DO), water density (DEN), and incremental change in

water density/depth (DEL). Multiple regression analyses then were based on permutation

evaluations of the relationships between distance matrices (partial Mantel analyses).

Results indicated that resource availability (PAR and DIN) was most frequently related

to chlorophyll-a, although DEN and DEL often were significant within individual lakes.

Hence, resource relationships were strongest across lakes and seasons whereas density rela-

tionships also were important within individual lakes. Moreover, DCM appeared sensitive

to threshold levels of DEN and PAR, suggesting that controls may exist as both discrete

(threshold) and continuous functions of both resource availability and water density.

Introduction

High concentrations of chlorophyll-a often exist at depths where

radiant energy is well below ambient intensity. Such deep chlorophyll

maxima (DCM) are found in aquatic and marine systems throughout

much of the world but usually are restricted to times and places with

limited mixing of the water column (Kiefer et al., 1972; Venrick et al.,

1973; Fee, 1976; Brooks and Torke, 1977; Moll et al., 1984; Coon

et al., 1987; Larson et al., 1987; Bell and Laybourn-Parry, 1999; Perez

et al., 2002; Camacho et al., 2003). A DCM sometimes coincides with

a major fraction of the phytoplankton standing crop and may contribute

a large portion of the total primary production in the water column

(Brooks and Torke, 1977; Jamart et al., 1977). Photosynthesis,

plankton species composition, behavior, and grazing rates frequently

change abruptly over small changes in depth near the DCM (Jamart

et al., 1977; Cullen, 1982; Perez et al., 2002; Camacho et al., 2003).

Controls on the location of DCM vary with geographical region,

season, and the biology of the community, but usually include currents,

vertical mixing, growth, behavior, or physiology of phytoplankton

(Steele and Yentsch, 1960; Venrick et al., 1973; Jamart et al., 1977;

Herbland and Voituriez, 1979; Cullen and Eppley, 1981; Kiefer and

Kremer, 1981; Cullen, 1982; Coon et al., 1987; Marra et al., 1990;

Revelante and Gilmartin, 1995; Dekshenieks et al., 2001). Three basic

explanations of DCM formation emerge from these studies. First,

spatial distributions of limiting resources define the location of the

DCM as a result of localized productivity. Second, a DCM develops as

a function of phytoplankton behaviors, such as rising or sinking in the

water column in response to microenvironment cues. Finally, passive

sinking of cells over depth generates a DCM where cells accumulate

along a density gradient.

The simplest explanation is that a DCM results from the

concentration of organic particles along density gradients (Jerlov,

1959). In fact, Moll and Stoermer (1982) suggested that such passive

control could only be disproved if there was in situ production by

phytoplankton, but did not suggest how to identify the role of passive

control in the presence of phytoplankton production. Cullen (1982)

suggested that chlorophyll-a profiles at temperate latitudes often are

produced by differential sinking, when sedimentation rates of phyto-

plankton exceed growth rates following a spring bloom. Venrick et al.

(1973) found a DCM in the Pacific Ocean where a density gradient

resulted from seasonal stratification of the water column that, in turn,

isolated a layer of chlorophyll from wind-driven turbulence. More

recently, Dekshenieks et al. (2001) found thin phytoplankton layers

that were common off the coast of Washington (U.S.A.) and were

strongly related to physical factors controlling stratification.

Other studies reveal more interactions between water density and

biological processes (Pingree et al., 1975; Herbland and Voituriez,

1979; Cullen, 1982). In Sproat Lake (British Columbia, Canada),

Shortreed and Stockner (1990) could explain the DCM as either

a function of phytoplankton migration to areas of favorable light regime

or simple accumulation as a function of water density gradient. Steele

and Yentsch (1960) demonstrated that a reduced sinking rate, rather

than change in water density, was needed to produce the observed,

seasonal pattern of chlorophyll maximum near the base of the euphotic

zone in the Atlantic Ocean, near New York (U.S.A.). They found that

the physiological condition of a cell was closely related to buoyancy,

that buoyancy was greater during periods of high production, and that

production was related to seasonal nutrient regimes controlled by

mixing and density gradient. Clearly, interactions between physiolog-

ical condition, sinking rates, and water density appear to be common

and confound efforts to determine a single cause of a DCM.

Many of the lakes found in the dry valleys of Antarctica are amictic

with strong resource and density gradients, and deep chlorophyll

maximum layers. An important feature of these lakes is a permanent ice

cover that provides protection from the wind, limits mixing of the water

column, and ensures stable stratification (Doran et al., 1999). This

stratification limits movement of nutrients from the aphotic, and

sometimes anoxic, deeper waters to shallower euphotic zones, where

nutrient availability limits phytoplankton production (Priscu, 1995;

Lizotte et al., 1996; Dore and Priscu, 2001). The reduction in light
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transmittance through permanent ice also affects primary production

and plankton distribution (Wharton et al., 1989; Lizotte and Priscu,

1992). In contrast to most freshwater lakes, temperature plays only

a secondary role in stabilizing the water columns of these Antarctic

lakes, whereas salinity gradients exert a strong control on stratification

(Spigel and Priscu, 1998). For these reasons, there is little seasonal or

interannual variation in stratification of the water column. This is an

interesting contrast to most other lakes and water bodies in which DCM

have been examined and offers an opportunity to separate the effects of

resources from density gradient under permanently stratified conditions.

The objectives of this study were to evaluate limnological factors

related to the position of the DCM in lakes of the McMurdo Dry

Valleys, South Victoria Land, Antarctica. More specifically, analyses

were conducted to test the hypothesis that the location of DCM was

more closely related to resource availability, i.e., nutrients and

photosynthetic active radiation, than density gradients.

Methods

Five lakes within the McMurdo Dry Valley region of South

Victoria Land, Antarctica, have deep chlorophyll maximum layers and

have been studied intensively over the past 20 yr: Lakes Vanda,

Fryxell, Hoare, East Bonney, and West Bonney. Considerable

evidence suggests that nutrient availability limits phytoplankton

production in these lakes, and that production is often enhanced near

the nutricline where DCM are located (Priscu, 1995; Neal and Priscu,

1998). Our objective was to examine the relationships between DCM

and both resource and density gradients in these lakes. The present

study focused on data collected by the McMurdo Long-Term

Ecological Research Project, U.S.A. (http://huey.colorado.edu/LTER),

and the National Institute of Water and Atmospheric Research

(NIWA), New Zealand (unpublished).

STUDY SITE

The McMurdo Dry Valleys of Southern Victoria Land comprise

the largest ice-free expanse of land (ca. 4800 km2) on the continent of

Antarctica. They are situated on the west side of McMurdo Sound,

adjacent to the Ross Sea (ca. 778S, 1628E) and are among the coldest

and driest deserts on Earth. The climate is extremely arid with

a total annual precipitation less than 10 cm yr�1 and annual ablation

exceeding 30 cm yr�1. Air temperatures rarely exceed 08C in the

summer and drop to less than �608C in the winter (Fountain et al.,

1999). Lakes Bonney, Hoare, Fryxell, and Vanda are located in two

of the McMurdo Dry Valleys (i.e., Taylor and Wright Valleys). Short

descriptions of these lakes follow.

Lake Bonney occupies a glacially scoured bedrock basin in the

upper Taylor Valley. The lake is approximately 25 km from the sea at

an elevation of 57 m a.s.l. (Spigel and Priscu, 1998). The largest source

of water to this lake is meltwater from the Taylor Glacier—which

extends from the polar ice cap and terminates in the western end of the

west lobe of Lake Bonney. This lake has two lobes (east and west) that

are connected by a narrow, shallow channel (Torii and Yamagata,

1981). The chemical characteristics and apparent evolutionary histories

of these two lobes are very different, and in the present study they were

analyzed as separate bodies of water. The DCM in West Bonney is

located at 12 m, whereas East Bonney has two deep chlorophyll-a

peaks, one at 14 m and the other at 30 m. Initial analyses focused on

the peak at 14 m in East Bonney, because the 30 m peak is in

a biologically inactive zone of the water column and thus is unlikely to

be mechanistically linked to resource availability.

Lake Hoare occupies a narrow portion of the middle Taylor

Valley approximately 15 km from the sea, and is dammed to the

northeast by the Canada Glacier. The lake is fed primarily by direct

runoff from the Canada and Seuss glaciers and their associated

meltwater streams. Lake Hoare is the youngest lake in this study

(ca. 1200 yr old) and has the weakest profile development (Doran et al.,

1999). Lake Hoare shows less distinction between surface and

maximum chlorophyll-a values due to high variances associated with

observations (Fig. 1). However, peak concentrations occur at 10 m.

Lake Fryxell is formed by a moraine depression in a wider portion

of the lower Taylor Valley, approximately 1 km east of Lake Hoare

and closer to the valley mouth. It has a number of moraine islands and

shallow areas. The primary source of water is 10 meltwater streams

from the Canada and Commonwealth glaciers and alpine glaciers in the

nearby Kukri Hills. Lake Fryxell has a sharp DCM at 8 m.

Lake Vanda is located in the Wright Valley adjacent to Taylor

Valley, and its primary source of water is from the Onyx River, which

originates from the Lower Wright Glacier (27 km east of Lake Vanda).

This lake is meromictic, containing a deeper water zone (a moni-

molimnion below 50 m) that is permanently stable and an upper layer

that circulates during the six to eight week period of water inflow

(Carlson et al., 1990; Jones-Lee and Lee, 1993). Lake Vanda has

a sharp peak of chlorophyll-a at 60 m depth, and is among the most

extreme oligotrophic lakes in the world (Parker et al., 1982).

All of these lakes have permanent ice covers 3–5 m thick and

a highly stratified water column with strong vertical salinity gradients

and distinct profiles of chlorophyll-a (Fig. 1; Parker et al., 1982;

Matsumoto, 1993; Spiegel and Priscu, 1998). None of these lakes have

surface outflows, so the only known means of water loss is ablation.

Availability of N and/or P limits primary productivity in the euphotic

regions of these lakes, with upward diffusion from deeper water pro-

posed as both a primary source of nutrients and likely factor con-

trolling the DCM (Vincent and Vincent, 1982; Priddle et al., 1986;

Priscu et al., 1987, 1989; Priscu, 1995; Lizotte et al., 1996; Spigel and

Priscu, 1998). However, strong density gradients are present and may

also contribute to the location of DCM (Fig. 2; James et al., 1998).

FIELD DATA

This project utilized data collected by the McMurdo Long-Term

Ecological Research (LTER) project, U.S.A., and National Institute of

Water and Atmospheric Research (NIWA), Ltd., New Zealand. These

data include concentrations of dissolved inorganic nitrogen (DIN),

soluble reactive phosphorus (SRP), dissolved oxygen (DO), and

photosynthetically active radiation measured beneath the lake ice

(PAR). Data from lakes in Taylor Valley were obtained from the

McMurdo-LTER (http://huey.colorado.edu/LTER). Conductivity data

and estimates of salinity for lakes in Taylor Valley were provided by

Craig Wolf, Montana State University (unpublished). All data for Lake

Vanda were obtained from NIWA (unpublished).

Detailed descriptions of field and laboratory methods are posted

on the McMurdo LTER web site. In brief, a 30-cm-diameter hole was

bored through the permanent lake ice over the deepest portion of each

lake and protected with an opaque cover until sampled. Water samples

were taken at several depths in each lake with Van Dorn or Niskin

sampling bottles, and subdivided for subsequent analyses. Samples

were returned to the Crary Laboratory, McMurdo Station, Antarctica,

for chemical analysis. Similar methods were employed for Lake

Vanda, with detailed descriptions available from NIWA. Sampling was

performed at least twice in each lake during the austral summer;

sampling schedules also are posted on the McMurdo LTER web site.

Data were available between years 1993 and 1998 for lakes in Taylor

Valley, and between 1993 and 1996 in Lake Vanda. Approximately

1500 unique samples (date, depth, and lake) were used in analyses.

The density of water (q; kg m�3) at depth in each lake was

calculated according to Gill (1982) as defined by the Joint Panel on

Oceanographic Tables and Standards (UNESCO, 1981). This method
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adjusts for the effects of temperature (t; 8C), salinity (S; practical

salinity units or psu) and pressure (p; bars), and requires several steps.

First, the density of pure water (qw) is calculated (S ¼ 0) for a given

temperature (t). Next, the density of water at one standard atmosphere

(p¼0) is estimated, given temperature (t) and salinity (S). We assumed

that water pressure increased approximately 1 bar per 10 m depth (Gill,

1982), and then calculated density at estimated pressure (p), given tem-

perature (t) and salinity (S). Because q remains close to 1000 kg m�3,

the difference (r ¼ q � 1000; kg m�3) often is used as a conve-

nient means of expressing density in terms of departure from this

benchmark (Gill, 1982). We used values of r as representing density

(DEN) in our analyses.

Variations within the density gradient in a water column might

also influence the distribution of chlorophyll. For example, an abrupt

increase in water density over a small change in depth could decrease

the rate of settling, leading to a local accumulation of materials. We

developed a measure of this incremental change in water density over

depth (DEL) by dividing our metric of density (r) at a given depth by

the value at the next lower depth.

Because there were few recorded PAR measurements at depth in

Lake Vanda, data used in analyses were estimated from surface

observations. Intensity of PAR at depth (Id) was calculated:

Id ¼ Io � eð�kdÞ; ð1Þ

FIGURE 1. Depth profiles of
chlorophyll-a (lg L�1) concen-
trations (means 6 standard er-
rors) in dry valley lakes: (a) east
Lake Bonney, (b) west Lake
Bonney, (c) Lake Fryxell, (d)
Lake Hoare, and (e) Lake Vanda.
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where Io is maximum PAR at the surface of the water beneath the

permanent lake ice, k is the attenuation coefficient of the water column

(0.05 m�1; Vincent, 1981; Howard-Williams et al., 1998), and d is

depth in meters. In all cases, data identified as being unreliable or

below detection limits were omitted from analyses.

STATISTICAL METHODS

Many of the data used in these analyses could not be transformed

to meet the underlying assumption of normal distribution necessary

for parametric tests. Therefore, nonparametric and distribution-free

methods were used to evaluate relationships among variables. More-

over, observations were not balanced across time, lakes, and depths

within lakes, suggesting a hierarchical approach to our investigation.

Finally, two subsets of data were prepared for analyses: an unbound set

that included data from all depths within each lake, and a bound set that

was restricted to depths bracketing the DCM. The latter set was defined

to reduce the influence of portions of the water column distant from the

DCM, i.e., the high light and low nutrient environment in surface zones

as well as dark, anoxic regions at greater depths. Bound data sets

included depths approximately equidistant above and below the DCM,

measured from the approximate location of the overlying minimum

chlorophyll-a concentration. For example, the DCM for Lake Vanda

occurs at 60 m with a minimum overlying chlorophyll-a concentration

FIGURE 2. Depth profiles of
water density (r; means 6 stan-
dard errors) in dry valley lakes:
(a) east Lake Bonney, (b) west
Lake Bonney, (c) Lake Fryxell,
(d) Lake Hoare, and (e) Lake
Vanda. Density calculated ac-
cording to Gill (1982; r ¼ q �
1000, kg m�3).
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at 55 m (Fig. 1). Therefore, the bound data set included data from 55 to

66 m. The DCM for West Bonney was estimated to be around 12 m,

and the bound data spans 8 to 16 m. Fryxell’s bound data lay between

5 and 12 m and Lake Hoare’s bound data lay between 4 and 16 m. The

DCM used for analyses of East Bonney is at 14 m, with bounds

between 10 and 18 m. The second DCM in East Bonney at 30 m is

biologically inactive and was examined separately (see below).

A suite of preliminary analyses was conducted to explore corre-

lations between variables and patterns of variation in each variable over

time, depth, and between lakes. First, all data were pooled and Spear-

man’s rho was calculated for all pairs of variables: chlorophyll-a (CHL),

DEN, DEL, DIN, PAR, DO, and SRP. Kruskal-Wallis one-way analysis

for independent samples was used to test for significant differences in

all parameter values between months and lakes. Data then were pooled

by lake and Spearman’s rho was used to assess correlations between

variables within each lake. Kruskal-Wallis analysis was used to test for

significant differences in all parameter values between months and

between depths within each lake. Finally, data were pooled by month and

Spearman’s rho again was used to determine correlations between

variables. Kruskal-Wallis analysis was used to test for significant dif-

ferences in all parameter values between lakes by month. Lake Vanda

was not included in the monthly analyses because data collected from

this lake were not consistent across time with collections from the other

lakes. Otherwise, these three sets of analyses were conducted for each of

the bound and unbound sets of data previously described. Spearman rank

correlations and Kruskal-Wallace tests were performed on raw (un-

transformed) data values with SPSS Version 9 (SPSS, Inc., 1998).

Multiple linear regression is commonly used to identify which

combination of possible independent variables explains the greatest

variation in a dependent variable. However, this method is based upon

the assumption that data have normal distributions. An alternative

approach has recently been developed, which can evaluate relation-

ships among data that do not meet this assumption. Legendre et al.

(1994) explained a partial Mantel method of performing multiple

regression on distance matrices, with permutation testing of the

regression parameters. Variables of the independent matrices remain

fixed with respect to each other during permutation. We used the

program, Permute! (Version 3.4), obtained from the Legendre

laboratory via internet (Casgrain and Legendre, 2001) for our analyses.

This program also will analyze vectors of data that have no inherent

matrix structure, by permuting values of the dependent variable at

random. Output includes estimated probability (P-values) of regression

coefficients and associated R2 values.

For our data, the dependent matrix consisted of simple Euclidian

distances calculated between pairs of chlorophyll-a measures; in-

dependent matrices similarly consisted of distances between measures

of DEN, DEL, DIN, PAR, and SRP (DO was considered to be more

likely a result rather than a cause of chlorophyll concentrations and was

not included in these analyses). We used the backward elimination

procedure begun with entering all independent variables (P ¼ 0.10 to

remove) and compared the final model to one produced by the forward

selection procedure (P¼0.10 to enter), because a stepwise method was

not available. Analyses were performed on all data pooled from all

lakes, for data pooled for each lake, and for data pooled by month.

These analyses were repeated for bound and unbound data sets. Data

from Lake Vanda were not included in the overall analysis of pooled

data, because sampling regimes differed from other lakes, and too few

bound data were available for specific examinations of Lake Vanda.

Results

Significant correlations existed between most water quality

parameters: (1) when data from all lakes were pooled, (2) when data

were analyzed by lake, and (3) when data were analyzed by month.

This pattern was consistent for both data sets, including all depths

(unbound set) and for depths bracketing the DCM (bound set). For

example, only three pairs of parameters showed no significant

correlation in the unbound set of data from all lakes combined: DEL

and CHL, DEL and DO, and DIN and PAR (Table 1); only four pairs

of parameters showed no significant correlation for the bound set of

data: DO and CHL, DEL and DO, SRP and CHL, and SRP and PAR.

These analyses also revealed that relationships between variables were

sometimes inconsistent between bound and unbound data sets. For

example, a significant, negative relationship existed between DO and

CHL in the unbound set of data, but there was no relationship between

these variables in the bound set (Table 1). Conversely, a significant,

negative relationship existed between DEL and CHL in the bound set

of data but not in the unbound set (Table 1). Thus relationships among

some variables differed between the overall water column and in the

vicinity of the DCM, as we suspected. Finally, some pairs of variables

showed a very high strength of correlation. The strongest correlations

were for DIN and DEN, with values of Spearman’s rho exceeding

0.8 in both bound and unbound data sets (Table 1). Clearly, this level

of correlation among variables complicates the interpretation of factors

most likely to influence DCM formation.

When attention was focused on relationships between chlorophyll

and the other water quality parameters, correlations with DIN were

consistently among the strongest, with values of Spearman’s rho

ranging between �0.719 and 0.688, and averaging 0.662 (absolute

values) for analyses of unbound data (Table 2). The relationships

between chlorophyll and DEN were next in overall strength, ranging

between �0.743 and 0.630, averaging 0.562 (based on absolute

values). In both cases, correlations were negative for all analyses

TABLE 1

Correlations between chlorophyll-a concentration (CHL) and other
characteristics of the water column: dissolved oxygen (DO), density
(DEN), change in density/depth (DEL), dissolved inorganic nitrogen
(DIN), photosynthetic active radiation intensity (PAR), and soluble
reactive phosphorus (SRP). Analyses performed for all depths
(lower off-diagonal elements in table) and for depths bracketing

deep chlorophyll maxima (upper off-diagonal elements).

CHL DO DIN DEN DEL PAR SRP

CHL 1.000 0.049 �0.360 �0.434 �0.295 �0.382 �0.026

0.323 0.001 0.001 0.001 0.001 0.594

403 461 731 731 595 433

DO 0.494a 1.000 �0.349 �0.229 0.003 0.140 �0.448

0.001b 0.001 0.001 0.959 0.005 0.001

805c 334 401 402 392 314

DIN �0.543 �0.618 1.000 0.879 0.669 0.327 0.221

0.001 0.001 0.001 0.001 0.001 0.001

1016 706 482 483 424 399

DEN �0.290 �0.504 0.846 1.000 0.789 0.445 0.285

0.001 0.001 0.001 0.001 0.001 0.001

1459 779 1064 752 593 454

DEL 0.031 �0.041 0.505 0.746 1.000 0.405 0.107

0.257 0.264 0.001 0.001 0.001 0.021

1368 753 991 1417 592 459

PAR �0.358 0.200 0.062 �0.079 �0.072 1.000 �0.078

0.001 0.001 0.075 0.008 0.016 0.123

1123 690 816 1126 1101 398

SRP �0.237 �0.486 0.423 0.359 0.077 �0.086 1.000

0.001 0.001 0.001 0.001 0.024 0.021

887 621 872 931 868 716

a Spearman’s rho.
b P-value.
c Number of observations.
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except Lake Vanda and for bound data from West Bonney. When

analyses focused on the bound data set, correlations between

chlorophyll and DIN remained among the strongest, with values of

Spearman’s rho ranging between �0.495 and 0.299, and averaging

0.367 (absolute values; Table 3). However, the relationship between

chlorophyll and DEL was strongest, ranging between �0.463 and

0.640, averaging 0.337 (absolute values).

Although most variables showed significant correlation to

chlorophyll in most analyses, important exceptions occurred. For

example, SRP was correlated to chlorophyll in all lakes but Hoare

from analyses of unbound data, but was significantly correlated to

chlorophyll in only the bound data from Lake Fryxell. Similarly, SRP

was correlated to chlorophyll in analyses of all months of unbound data,

but was not correlated to chlorophyll in any months for bound data.

Kruskal-Wallis tests confirmed that significant differences existed

between lakes in all water quality parameters, with the single exception

of SRP for bound data in January (P¼ 0.136; results not shown). All

water quality parameters also differed between depths within each lake

for unbound data, and for nearly all water quality parameters in bound

data. The major exception was that SRP showed significant differences

with depth only in Lake Fryxell for analyses of bound data. Thus

spatial differences (by depth) existed for almost all parameters in all

lakes. Perhaps more interesting were results that showed few

significant differences between months in values of DO, DIN, DEN,

and DEL for any lake, from analyses of either bound or unbound data.

In contrast, almost all lakes showed significant differences in

chlorophyll, PAR, and SRP with month, in analyses of both bound

and unbound data. Hence two groups of parameters seemed to exist,

based on their variability over time, with this difference between

groups being consistent among lakes.

The partial Mantel analysis of pooled data from all lakes entered

DIN, DEL, and PAR into the regression model explaining chlorophyll

concentrations, based on unbound data (Table 4). The overall

explanatory power of this model was low (R2 ¼ 0.1356) but highly

significant (P , 0.001). Analysis of the bound data set also entered

DIN and PAR, but added DEN and SRP. Again, the explanatory

power of the model was highly significant but modest. Stronger

relationships were identified for individual lakes (Table 5), suggesting

that variations between lakes may have reduced the power of the model

for pooled data from all lakes. For example, DEN, DEL, and PAR were

entered into the model for East Bonney, based on unbound data, for an

R2¼ 0.4984 (P , 0.001). However, little consistency was apparent in

the strengths of the resulting models or the parameters selected, and

physical variables (DEN and DEL) appeared as frequently as resource

variables (DIN, SRP, and PAR), providing little resolution of our

central hypothesis.

Partial Mantel analysis of data pooled by month provided more

consistent results (Table 6). In almost all cases, DIN and PAR were

entered as the only variables in regressions. The only other variable

entered was DEN, in analyses of bound data for the months of

November and December. Despite these consistent results, R2 values

were generally less than 0.3, although most relationships were highly

significant (P , 0.01).

Discussion

Results of this study demonstrated that concentrations of

chlorophyll-a were related to both resource availability (DIN, SRP,

and PAR) and physical factors (DEN and DEL). Also, the relative

importance of particular factors varied between analyses, suggesting

that controls may differ between lakes and over time despite the

permanent stratification of all dry valley lakes. When data were pooled

(by lake and month), regressions included dissolved inorganic nitrogen

(DIN) in both analyses of bound and unbound data (Table 4). When

TABLE 2

Correlations between chlorophyll-a concentration (CHL) and other
characteristics of the water column: dissolved oxygen (DO), density
(DEN), change in density/depth (DEL), dissolved inorganic nitrogen
(DIN), photosynthetic active radiation intensity (PAR), and soluble
reactive phosphorus (SRP). Analyses performed by lake (pooling

months) on observations taken from the entire water column.

Parameter All Lakes E. Bonney Fryxell Hoare Vanda W. Bonney

DO 0.494a 0.511 0.397 0.506 0.097 0.848

0.001b 0.001 0.001 0.001 0.361 0.001

805c 208 138 170 90 199

DIN �0.543 �0.628 �0.715 �0.719 0.688 �0.679

0.001 0.001 0.001 0.001 0.001 0.001

1016 275 146 198 101 296

DEN �0.290 �0.649 �0.461 �0.597 0.630 �0.743

0.001 0.001 0.001 0.001 0.001 0.001

1459 274 246 294 348 297

DEL 0.031 �0.330 0.323 0.405 0.411 0.359

0.257 0.001 0.001 0.001 0.001 0.001

1368 257 225 278 330 278

PAR �0.358 0.535 0.362 0.696 �0.300 0.551

0.001 0.001 0.001 0.001 0.001 0.001

1123 218 145 181 353 226

SRP �0.237 �0.368 �0.531 0.032 0.469 �0.371

0.001 0.001 0.001 0.658 0.001 0.001

887 214 180 196 66 231

a Spearman’s rho.
b P-value.
c Number of observations.

TABLE 3

Correlations between chlorophyll-a concentration (CHL) and
other characteristics of the water column: dissolved oxygen (DO),
density (DEN), change in density/depth (DEL), dissolved inorganic
nitrogen (DIN), photosynthetic active radiation intensity (PAR),
and soluble reactive phosphorus (SRP). Analyses performed by lake
(pooling months) on observations taken from depths bracketing the

location of the deep chlorophyll maximum in each lake.

Parameter All Lakes E. Bonney Fryxell Hoare Vanda W. Bonney

DO 0.049a 0 0.221 0.097 0.189 0.271

0.323b 0 0.021 0.326 0.263 0.016

403c 75 109 104 37 78

DIN �0.360 �0.439 �0.495 �0.441 0.299 0.165

0.001 0.001 0.001 0.001 0.102 0.076

461 95 103 115 31 117

DEN �0.434 �0.379 �0.180 �0.159 0.310 0.191

0.001 0.001 0.014 0.029 0.001 0.038

731 95 187 190 141 118

DEL �0.295 �0.463 0.199 0.233 �0.189 0.640

0.001 0.001 0.006 0.001 0.027 0.001

731 95 187 194 138 117

PAR �0.382 0.195 0.311 0.550 0.451 �0.020

0.001 0.061 0.001 0.001 0.001 0.841

595 93 123 126 145 108

SRP �0.026 �0.042 �0.251 0.134 �0.035 �0.023

0.594 0.731 0.003 0.144 0.890 0.833

433 70 136 120 18 89

a Spearman’s rho.
b P-value. Same as in Tables 1 and 2.
c Number of observations. Same as in Tables 1 and 2.
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separate analyses were performed by lake, DIN was entered in six of

nine analyses using backward elimination and four of nine analyses

using forward selection procedures (Table 5). Thus inorganic nitrogen

concentrations frequently explained a significant amount of variation

in chlorophyll-a concentrations within lakes. These observations are

consistent with earlier studies citing nutrient limitations on NPP as

the probable cause of DCM location in dry valley lakes (Vincent and

Vincent, 1982; Priscu et al., 1989; Priscu, 1995; Lizotte et al., 1996), as

well as in other ecosystems (Marra et al., 1990; Revelante and

Gilmartin, 1995; Wurtsbaugh et al., 2001; Camacho et al., 2003).

Venrick et al. (1973) suggested that nutrient regime was the most

important controlling factor when radiant energy is not limiting.

However, these suggestions also imply a positive, causative relation-

ship between DIN and chlorophyll concentration wherein relatively

high concentrations of DIN at depths near the DCM drive primary

production. In contrast, DIN was negatively correlated with chloro-

phyll-a concentrations in almost all of our analyses.

In most cases when a DCM is coincident with a nitracline, both

nutrient and radiant energy regimes are important for the persistence

of phytoplankton (Marra et al., 1990; Revelante and Gilmartin, 1995;

Gecek and Legovic, 2001; Klausmeier and Litchman, 2001). In the dry

valley lakes, PAR appeared in both analyses of pooled data (Table 4), in

four of nine tests using backward elimination and five of nine analyses

using forward selection procedures (Table 5). It was interesting that PAR

was negatively correlated to chlorophyll-a concentration in overall

analyses of data pooled by month and lake (Table 4), and when data were

pooled by month (Table 6). However, correlations between these

parameters usually were positive when data were pooled by lake. Thus

relationships between PAR and chlorophyll that existed across months

and depths within lakes were not consistent between lakes.

In addition to resource availability, water density (DEN) or

change in density with depth (DEL) appeared in both analysis of bound

and unbound data when all data were pooled (Table 4). When analyzed

by lake, DEN or DEL appeared in three or four of the nine analyses,

respectively (Table 5), so that at least one of the two parameters ap-

peared in five of nine tests. These results support the notion that the

DCM is related to density gradients within lakes (Steele and Yentsch,

1960; Steele, 1964; Pingree et al., 1975; Herbland and Voituriez, 1979;

Cullen, 1982). However, DEN and DIN were highly correlated (Table 1),

so that much of the variation in chlorophyll-a concentration explained

by one parameter could almost as readily be explained by the other var-

iable. Indeed, DEN and DIN rarely co-occurred in regression models

(Tables 4–6).

Different insights were provided by analyses performed on data

pooled by month. Almost all regressions entered both DIN (10 of

10 analyses) and PAR (9 of 10 analyses). The only other variable ever

entered was DEN, which occurred in analyses of bound data in both

October and November (Table 6). Pooling by month emphasized the

differences in parameter values between lakes, whereas pooling by lake

emphasized differences between months. Kruskal-Wallace tests almost

always revealed significant differences between lakes and months in

both PAR and chlorophyll-a concentrations. In contrast, DIN, DEN,

and DEL seldom differed between months although they almost always

differed between lakes. The consistent inclusion of PAR and DIN in

regressions explaining variation in chlorophyll within months (Table 6)

and often in regressions explaining variations in chlorophyll within

lakes (Table 5) suggested that this combination of resource variables

explained both a component of variation in chlorophyll that varied over

time (related to PAR), as well as a component that varied between

lakes (related to DIN).

We expected PAR and nutrient concentration to influence DCM

location in these lakes because: (1) several studies have shown that

extreme shade-adaptation allows phytoplankton to survive at depths

where PAR is very low (Lizotte and Priscu, 1992; Lizotte et al., 1996;

Neale and Priscu, 1995); (2) Priscu (1995) already demonstrated

nutrient limitations to phytoplankton productivity in these lakes and

suggested this relationship as the primary control on DCM; and (3)

Edwards and Priscu (1995) reported a positive relationship between

DIN flux and net primary production of phytoplankton at the DCM in

these lakes. However, we found that chlorophyll was usually

negatively correlated to DIN and often negatively correlated to PAR.

The explanation for this seeming anomaly is simple: chlorophyll-a

concentrations are low at depths above the DCM where PAR is high

and low at depths below the DCM where DIN is high. The resulting

location of the DCM may be determined by a double-threshold

TABLE 4

Results of partial Mantel analyses of data pooling lakes and
months, for unbound and bound data sets. The independent
variables were density (DEN), change in density/depth (DEL),
dissolved inorganic nitrogen (DIN), photosynthetic active radia-

tion intensity (PAR), and soluble reactive phosphorus (SRP).

Data N R2 P-valuea Variable P-valueb

Unbound 583 0.1356 0.001 DIN 0.001

DEL 0.005

PAR 0.002

Bound 333 0.1096 0.001 DIN 0.001

DEN 0.002

PAR 0.004

SRP 0.006

a Overall model.
b Individual parameter.

TABLE 5

Results of partial Mantel analyses of data from each lake, using
unbound and bound data sets. The independent variables were
density (DEN), change in density/depth (DEL), dissolved inorganic
nitrogen (DIN), photosynthetic active radiation intensity (PAR),

and soluble reactive phosphorus (SRP).

Data Lake N R2 P-valuea Variable P-valueb

Unbound East Bonney 164 0.4984 0.001 DEN 0.001

DEL 0.005

PAR 0.001

West Bonney 185 0.5662 0.001 DIN 0.001

DEL 0.001

Fryxell 109 0.1703 0.002 DIN 0.001

PAR 0.023

Hoare 121 0.2188 0.001 DIN 0.001

PAR 0.013

Vanda 48 0.8380 0.001 DEN 0.001

SRP 0.001

Bound East Bonney 68 0.1738 0.001 DEL 0.001c

West Bonney 89 0.5138 0.001 DIN 0.002

DEN 0.001

DEL 0.001d

Fryxell 93 0.2101 0.001 DIN 0.001

SRP 0.010e

Hoare 83 0.0935 0.023 DIN 0.048

PAR 0.039f

a Overall model.
b Individual parameter.
c Forward selection model included only DIN, R2¼ 0.1728, overall P ¼ 0.001.
d Forward selection model included only DEL, R2¼ 0.4312, overall P¼ 0.001.
e Forward selection model also included PAR, R2¼ 0.2369, overall P ¼ 0.002.
f Forward selection model included only PAR, R2¼ 0.2603, overall P¼ 0.030.
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response of primary production to overlapping, minimum availabili-

ties of PAR and DIN, which would appear as negative, individual

relationships between chlorophyll and either resource. This is the

general mechanism suggested to control the DCM in dry valley lakes

(Edwards and Priscu, 1995).

THRESHOLD EFFECTS

In contrast to the mechanistic effects of PAR and nutrients on

primary production, the passive concentration of particles along

a density gradient is likely to be a threshold phenomenon that is

independent of the number of particles that accumulate. If density were

a controlling factor, then we argue that the location of the DCM should

be consistent with respect to density, regardless of the concentration

of chlorophyll that constitutes the DCM. In fact, the DCM in East

Bonney, West Bonney, and Lake Vanda all occur at r values ca. 20–29

kg m�3, suggesting a consistent threshold response. However, the

DCM in Lakes Fryxell and Hoare occur at ca. 2 and 0.3 kg m�3,

respectively. These observations are consistent with results of partial

Mantel analyses performed by lake, in which DEN or DEL were

included in regressions for East Bonney, West Bonney, and Lake

Vanda, but not Fryxell or Hoare (Table 5), and suggest that the effect

of water density on DCM depends on the absolute density gradient.

The additional importance of resource availabilities within East

Bonney, West Bonney, and Lake Vanda may reflect more continuous

variations in concentrations of chlorophyll over depth than the actual

location of the DCM. By the same logic, the importance of PAR and

DIN in analyses of all lakes by month may reflect differences in

resource availabilities between lakes.

An additional type of threshold response between chlorophyll-

a and environmental parameters in these lakes is worth mentioning. A

PAR intensity of 5–50 lmol photons m�2 s�1 was coincident with the

location of the DCM in these lakes. These intensities of radiant energy

also correspond to values reported near DCM in other studies (Steele,

1964; Venrick et al., 1973; Moll et al., 1984; Larson et al., 1987;

Revelante and Gilmartin, 1995). Typically, DCM are associated with

radiant energy levels ,1% ambient, and always below 5% ambient

level (Fee, 1976; Moll and Stoermer, 1982; Larson, 2000; Perez et al.,

2002). The calculated intensity of PAR at the DCM for Vanda (50

lmol photons m�2 s�1) was ,5% of incident levels, but much higher

than in the other dry valley lakes (,5 lmol photons m�2 s�1) because

transmission through the permanent ice cover is much greater (5–20%).

Although we previously discussed the positive influence that nutrients

may have on DCM by stimulating primary production, negative

impacts of very high concentrations of solutes below the DCM may

inhibit biological activity. For example, Green et al. (1998) reported

concentrations of metal ions beneath the DCM in Lake Vanda that may

be toxic to many organisms. Thus, high concentrations of solutes in

deeper waters of some dry valley lakes may impose a lower boundary

on DCM through negative rather than positive impacts on primary

production (but see below).

A DOUBLE DCM

The relationship between primary productivity and DCM was not

the focus of this study, but the depth of maximum chlorophyll-a

concentration frequently coincides with the location of highest primary

production in a body of water (Cullen and Eppley, 1981). The DCM

layer also may account for a major fraction of the phytoplankton

standing crop (Jamart et al., 1977). In these dry valley lakes, Priscu

(1995) found peaks in primary productivity coincident with DCM in

Lake Fryxell, East Bonney, and at 14 m depth in West Bonney. A

striking contrast to this pattern is the lack of detectable photosynthesis

near a second, deeper DCM located at 30 m in East Bonney,

repudiating the notion that biological activity is necessary to produce

a DCM (Fig. 3). Our previous analyses did not include this deep DCM

because we did not wish to prejudice results by including an example

that lacked biological activity and thus was qualitatively distinct from

the others. We now briefly compare the two DCM layers in East

Bonney.

The DCM at 14 m in East Bonney corresponds with a peak in

primary productivity and high respiration, whereas the peak at 30 m

does not (Fig. 3). In fact, the peak at the 30 m corresponds with a layer

of nearly anoxic water (ca. 0.2 lg O2 L�1), maximum density of the

water column (ca. 135 kg m�3), extremely low PAR (,1 lmol photons

m�2 s�1), and high DIN (ca. 9–14 lM), suggesting physical rather than

biotic control. Priscu (1995) noted that the organisms forming this peak

are not photosynthetically viable, and therefore may be bacteria. A

peak such as this in Antarctic lakes is not unique. Bell and Laybourn-

Parry (1999) mentioned an apparent DCM in the anoxic monimo-

limnion in Ace Lake in the Vestfold Hills, and attributed its cause to

photosynthetic bacteria. However, no photosynthetic activity has been

detected (14C-uptake) near the deeper chlorophyll maximum in East

Bonney, and respiration (measured as respiratory electron transport

system activity in all aerobic organisms) associated with this layer is

extremely low.

Partial Mantel analyses of bound data sets suggested that these

two DCM were associated with different environmental controls, but

results were equivocal. The backward elimination procedure included

only DEL in the model explaining the DCM at 14 m (R2¼ 0.1738, P¼
0.001), but the forward selection procedure entered only DIN (Table 5;

R2 ¼ 0.1728, P ¼ 0.001). In contrast, DEN was the only variable

retained by backward elimination for the peak at 30 m, although the

relationship was not significant (R2¼ 0.3859, P¼ 0.124) and forward

selection added no variables to the model. The occurrence of two DCM

in one body of water is rare. We are aware of only one other lake (Lake

TABLE 6

Results of partial Mantel analyses of data from each month, using
unbound and bound data sets. The independent variables were
density (DEN), change in density/depth (DEL), dissolved inorganic
nitrogen (DIN), photosynthetic active radiation intensity (PAR),

and soluble reactive phosphorus (SRP).

Data Month N R2 P-valuea Variable P-valueb

Unbound September 62 0.1901 0.006 DIN 0.002

PAR 0.014

October 94 0.1764 0.001 DIN 0.001

November 186 0.1679 0.001 DIN 0.001

PAR 0.009

December 166 0.1572 0.001 DIN 0.001

PAR 0.002

January 140 0.2480 0.001 DIN 0.001

PAR 0.001

Bound September 44 0.2600 0.012 DIN 0.024

PAR 0.004

October 48 0.1431 0.035 DIN 0.014c

DEN 0.046

November 106 0.2180 0.001 DIN 0.001

DEN 0.020

PAR 0.001

December 97 0.0984 0.011 DIN 0.001

PAR 0.012

January 38 0.3098 0.002 DIN 0.001

PAR 0.001

a Overall model.
b Individual parameter.
c Forward selection model included only DIN, R2 ¼ 0.0805, overall P ¼ 0.053.
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Tahoe, California, U.S.A.) that is reported to exhibit simultaneous,

multiple DCM arising from different processes. There, a DCM at 100

m was attributed to a physiological response of the cells to higher

nutrient concentrations, whereas a DCM at 320–350 m was credited to

the passive sinking of phytoplankton (Kiefer et al., 1972). Un-

fortunately, results of our analyses for East Bonney are less certain.

Conclusions

Probably the most important result of this study was the

implication that both density and resource availability control DCM

in dry valley lakes. The frequency with which DIN and PAR appeared

in regressions is consistent with the general hypothesis that resource

availability strongly influences chlorophyll concentrations, as well as

conclusions of earlier studies suggesting resource control of DCM in

dry valley lakes (Vincent and Vincent, 1982; Priscu et al., 1989; Priscu,

1995; Edwards and Priscu, 1995; Lizotte et al., 1996). However, our

analyses also found a consistent relationship between water density and

DCM in the most oligotrophic of these lakes. Thus a distinction

between chlorophyll concentration and DCM must be recognized

because variations in chlorophyll concentrations within and between

lakes may obscure relationships between DCM and environmental

factors. Finally, cause-and-effect relationships between water chemistry

and biological activity in these lakes may be more complicated than for

many other systems, due to the long-term stability of the water column

of dry valley lakes. Green et al. (1998) reported concentrations of

metals beneath the DCM in Lake Vanda that may be toxic to biota, but

conditions influencing solute chemistry (e.g., pH), in turn are affected

by biological activities. Thus millennial-scale interactions between

density gradient, resource availability, biological activity, and water

chemistry may dynamically link these features of dry valley lakes and

challenge the notion that any one explanation exists for DCM location.

In conclusion, Venrick et al. (1973) suggested that one clear

explanation for the cause of a particular DCM should be found,

implying that one could be found. However, we concur with Priscu and

Neale (1995) that a number of interacting factors control DCM within

the dry valley lakes. Other studies have reported that distributions of

chlorophyll-a and primary production were regulated by the interaction

of both density and nutrient concentration (Herbland and Voituriez,

1979), thus patterns within the dry valley lakes are not unique in this

regard. Moreover, Jamart et al. (1977) concluded that the formation of

a DCM requires a combination of many processes, including in situ

production, with each process playing a rather specific role. It seems

logical to assume that the relative importance of these processes may

vary between systems as well as over time for a single system.
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