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Sedimentary record of sources and accumulation of organic matter in Pyramid Lake, 
Nevada, over the past 1,000 years 

Abstract-We have examined the organic matter contents 
of two *“‘Pb-dated cores of sediment from Pyramid Lake for 
consequences of the historic environmental and limnological 
changes that have occurred since modem settlement of this 
region began in the 1850s. Agricultural diversion of Truckee 
River water has diminished the volume of this saline, terminal 
lake by one-fourth since 1905. Organic C : N ratios, organic 
S’YJ values, and terrigenous : aquatic n-alkane ratios indicate 
that the proportion of land-derived organic matter in sediments 
has decreased as river flow has decreased. Algal productivity 
also appears to have decreased since 1930. Some prehistorical 
variations in the delivery of organic matter are evident in older 
sediments. Elevations in the proportion of land plant wax and 
in C : N ratios in sediments deposited A.D. 1200-1400 suggest 
that contributions of land-derived organic matter were en- 
hanced at this time. Proportions of biomarker n-alkanes indi- 
cate that grasses were more important than trees and shrubs 
as the dominant source of land plant waxes during this period, 
suggesting an interlude of regionally wetter climate. 

Pyramid Lake is a terminal lake located in the western 
part of the Great Basin Desert. Its principal source of water 
is the Tiuckee River, which drains Lake Tahoe and a number 
of smaller lakes on the eastern slopes of the Sierra Nevada 
Mountains (Benson 1994; Hostetler et al. 1994). Water that 
enters the lake escapes only by evaporation. Because evap- 
oration is relatively constant, the water level of the lake rises 
and falls in response to variations in runoff in the Truckee 
River basin. 

Three major watershed changes have affected the lake 
ecosystem since the arrival of modern settlers in this region 
in the mid-1800s. First, deforestation of much of the eastern 
slopes of the Sierra Nevada occurred during 1860-l 870 to 
provide timber for the Comstock Lode silver lode in Virginia 
City, Nevada. Second, the lake level has been lowered by 
agricultural diversion of Truckee River water, which started 
on a small scale as early as 1860 but became significant with 
completion of the Derby Dam in 1905. Lake-level lowering 
was progressive; it was not until 1940 that the level had 
dropped sufficiently to cut off flow into the Winnemuca Ba- 
sin to the east of Pyramid Lake. The third change has been 
increasing settlement and urbanization of the Reno, Nevada, 
area, through which the Truckee River flows and that has 
accelerated since World War II. 

Our study was designed to identify consequences of recent 
environmental changes in Pyramid Lake and its watershed 
on the delivery and accumulation of organic matter in the 
lake as recorded in the compositions of sediment cores. 
These relationships were then used to interpret the environ- 
mental conditions that influenced the organic matter contents 
of prehistoric sections of the sediment record. 

Gravity cores were obtained in September 1991 from two 
locations (Fig. l), one at the deepest part of the lake (site 

Fig. 1. Location of sites of 1991 Pyramid Lake sediment cores 
described in this report and of the 1976 core described by Meyers 
et al. (1980). Pyramid Lake is in the west-central part of the North 
American Great Basin Desert. 

96, water depth 102 m) and one at a near-average depth (site 
93, water depth 50 m). A 27-cm-long core was collected at 
site 96 and was divided into l-cm sections over the top lo- 
and 2-cm sections for deeper portions. The site 93 core was 
1.1 m long. It was divided into 2-cm sections for the top 10 
cm, and into 4-cm sections for the deeper portions. Core 
subsections were dried to constant weight at 60°C to deter- 
mine moisture content and to prepare them for subsequent 
analyses. Times of sediment deposition were estimated from 
210Pb dating of the upper sections of the cores and extrapo- 
lation to deeper portions. Lebo et al. (1993, 1994) estimated 
the bulk sediment mass accumulation rates of the two cores 
from their average linear sedimentation rates, porosities, and 
dry bulk densities. Mass accumulation rates of sediment 
components were calculated from the concentrations of these 
components and the bulk mass accumulation rates of the two 
cores. 

We collected samples of representative land plants around 



Pyramid Lake and of plankton from the lake for analysis of 
their organic matter elemental and carbon isotopic compo- 
sitions. Land plant samples were kept frozen until being 
dried for analysis. Plankton samples were protected from 
microbial degradation by adding HgCl, to the wet samples 
and using refrigerated storage until they could be dried. 

Concentrations of inorganic carbon were determined on 
the dried sediment samples using a Coulometrics 5010 cou- 
lometer equipped with a 5030 carbonate carbon analyzer (cf. 
Engleman et al. 1985). Inorganic carbon concentrations were 
converted to carbonate percentages, assuming that all of the 
inorganic carbon was present as calcium carbonate. Organic 
carbon concentrations were measured using a Perkin-Elmer 
240 CHN analyzer. Samples were first treated with 3 N HCI 
to destroy carbonates. Known weights of dried subsamples 
were then combusted at 1,lOO”C in the instrument. Organic 
carbon concentrations are reported on a whole-sediment ba- 
sis after allowing for the carbonate concentrations measured 
by the Coulometrics titration. The CHN procedure permits 
calculation of atomic C : N ratios of organic matter from the 
measured carbon and nitrogen concentrations. 

Stable oxygen and carbon isotope ratios of carbonate min- 
erals were determined from analyses done in the Stable Iso- 
tope Laboratory at The University of Michigan. Carbon di- 
oxide was released by treatment of samples with phosphoric 
acid. The lx0 : lhO and ‘C : 12C ratios of the gas were mea- 
sured using a Finnigan MAT model 2.51 mass spectrometer 
equipped with an automated analysis system. The 17C: ‘C 
ratios of organic carbon were determined with a Finnigan 
Delta S mass spectrometer after combustion of carbonate- 
free samples at 800°C. The 15N : 14N ratios of acid-insoluble 
sediment nitrogen were measured at the NOAA Great Lakes 
Environmental Research Laboratory with a VG Prism mass 
spectrometer after similar combustion. NBS standards are 
routinely and frequently used to calibrate the instruments. 
6’C and aI80 values are reported relative to the PDB stan- 
dard; 61sN values are reported relative to air. 

Total lipid contents were extracted from the dried sedi- 
ment samples by sonication with dichloromethane. The ex- 
tracts were evaporated to dryness and heated with methan- 
olic BF, in a boiling water bath to form the methyl esters of 
fatty acids. Hydrocarbon and methyl ester biomarker frac- 
tions were isolated from the total lipids by alumina over 
silica gel-column chromatography (Leenheer et al. 1984). 
These fractions were analyzed with a Hewlett-Packard 5890 
gas chromatograph equipped with a 20-m DB-1 capillary 
column, a flame ionization detector, and an automatic injec- 
tor system. Quantification and identification of individual 
hydrocarbon and fatty acid components were achieved using 
internal standards added before extraction and detector re- 
sponse factors determined from quantitative mixtures of 
known compounds. Data have been corrected for the small 
amounts of procedural contaminants determined from blank 
analyses. 

The bulk mass accumulation rates of sediments average 
14 mg cm-* yr-’ at site 96 in the central basin of the lake 
and 47 mg cm-* yr’ at site 93 at the southern end (Lebo et 
al. 1994). The difference results from sediments in the deep 
basin that are finer in size and that have a greater porosity 
than those in the shallower southern end (Lebo and Reuter 
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Fig. 2. Calcium carbonate concentrations and 8 ‘C and WO val- 
ues in sediments from cores 93 and 96 from Pyramid Lake. Note 
change in age/depth axis of core 93. 

1995). The distinctive sediment accumulation rates and grain 
size distributions reflect depth-related differences in the de- 
livery of sediments to these two locations, and other sedi- 
ment properties are similarly affected by this parameter. 

The calcium carbonate concentrations are lower in sedi- 
ments deposited since 1930 at both core sites (Fig. 2). Older 
sediments at both locations show little variation in CaCO, 
concentration, but the concentrations are more than twice as 
great at deep-lake site 96 than at site 93 at the southern end. 
The difference in composition between the two sites reflects 
turbulent suspension of finer sized, carbonate-rich sediment 
particles at locations shallower than 60 m and their down- 
slope transport to the deeper central basin (Lebo and Reuter 
1995; Tenzer et al. 1997). In addition, the decreased carbon- 
ate concentrations from the sediment winnowing at site 93 
is augmented by delivery of diluting noncarbonate sediment 
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Table 1. Mass accumulation rates of CaCO,, total organic car- Table 2. Stable isotopic compositionc of various sources of wa- 
bon (TOC), total n-alkanes (Total HC), lake-daived hydrocarbons ter to Pyramid Lake and from difierent parts of the lake: 6”O values 
(1 n-C,- + n-C,, + nX,,), and land-derived hydrocarbons (Z n-G arc of water, 8°C values are of total dissolved inorganic carbon 
+ n-Cz, + n-C,,) for sediments from cores 93 and 96 from Pyramid (from Benson 1994; Benson et al. 1995; W. P Patterson and C. N. 
Lake (n.d., not determined). Drummond unpubl. data from 1991 samples). 

Total Lake 
TOC HC HC 
(mg (ng (ng 

cm-2 cm- cm 2 
Y’-l) Yr ‘1 YO 

Land 
HC 
(“i? 

cm-’ 
Y’-1) 

Water sample VxO (%c, SMOW) 6°C (%G, PDB) 

Truckee River 
Farad -11.2 10.8 
Farad (n = 55) ~10.311.7 
Wadsworth Bridge -11.7 13.2 
Nixon Bridge - IO.6 
Nixon (II = 61) ~10.4?0.8 

Precipitation into Pyramid Lake 
Sutcliffc (n = 52) -9.824.4 

Spring water at Pyramid Lake 
Pyramid Island my.6 
Popcorn Rocks -9.0 -8.2 
Blanc Tetons -14.6 -9.9 
Needles hot spring -12.2 -3.2 
Needles “geyser” -11.4 

Water from Pyl-amid Lake 
Pyramid Island 0.1 -0.4 
South end -0.1 ml.4 
Sutcliffe 0.1 
Warrior Point 0.1 -0.6 

Core 96, central basin (102 m 1 
1.25 1963 2.08 
2.75 1945 0.57 
4.0 1930 2.91 
5.0 1918 2.59 
6.0 1905 2.34 
7.0 1893 2.27 
9.25 1863 2.89 

11.0 1839 2.61 
13.0 1811 2.64 
15.0 17x3 2.64 
17.0 1755 2.55 
19.0 1725 2.85 
23.0 ,664 2.15 
27.0 1603 2.69 

Core 93, southern end (50 m) 
1.0 1981 
3.0 1967 
5.0 1962 
7.0 ,945 
9.0 1930 

19.0 1864 
29.0 1789 
41.0 1690 
51.0 1604 
61.0 1515 
71.0 1423 
81.0 ,326 
91.0 1228 

101.0 1129 
111.0 1031 

3.09 
2.25 
3.60 
3.59 
4.78 
3.79 
3.28 
3.13 
3.73 
3.60 
4.66 
4.24 
4.52 
3.48 
4.31 - 

0.44 63 5 
n.d. ad. n.d 
0.45 49 4 
0.44 60 6 
0.43 65 4 
0.45 90 4 
0.51 42 3 
0.50 57 6 
0.51 46 4 
0.45 65 3 
0.48 33 1 
0.47 n.d. n.d. 
0.43 IOX 7 
0.41 80 4 

15 

20 
21 
19 
24 
11 
16 
14 
19 
IO 

n.d. 
26 
28 

1.18 172 28 58 
0.68 496 21 96 
0.7’) 257 11 66 
0.91 93 6 40 
1.19 275 5 106 
0.72 n.d. n.d n.d. 
0.70 258 6 11 
0.77 229 10 69 
0.76 165 5 56 
0.70 153 5 59 
0.70 143 13 48 
0.68 n.d. n.d n.d. 
0.75 161 5 107 
0.66 123 5 52 
0.70 312 9 90 

materials by the Truckee River to the southern end of the 
lake. The difference in concentrations nearly compensates 
for the threefold difference in sediment accumulation rates 
between the two sites. The mass accumulation rate of C&O, 
at site 93 is less than twice that at site 96 (Table 1). 

Diminished carbonate concentrations and mass accumu- 
lation rates in recent sediments at both locations suggest that 
delivery of diluting material to the lake bottom has been 
magnified by lowered lake level, even though river volume 
has been decreased by nearly half. The amount of CaCO, 
decrease is more at the deep-lake location than at the loca- 
tion closer to the river mouth, indicating the importance of 
sediment redeposition from shallower locations. 

The 61xC and 6°C values of the waters of Pyramid Lake 
are increased relative to the sources of water to this terminal 
lake by evaporative distillation (Table 2). The isotopic can- 
positions of the waters of Pyramid Lake consequently reflect 
the hydrologic balance of the lake (Benson 1994), and they 

in turn affect the isotopic compositions of carbonate precip- 
itates and aquatic organic matter. 

The Pyramid Lake sedimentary carbonate SIR0 values in- 
deed seem to record changes in the lake water volume. Sur- 
face sediments are isotopically heavier than sediments lo- 
cated deeper in the cores (Fig. 2), reflecting the diminished 
inflow of ‘“O-depleted river water and consequent evapora- 
tive loss of ‘“0 since 1905. Two prehistoric intervals of pos- 
sibly lowered lake level are indicated by greater S’“0 values 
in sediments corresponding to circa A.D. 1700 and 1400 in 
core 93, but these lowered levels are questionable inasmuch 
as the 1700 event is not duplicated in the core 96 6’xO val- 
ues. 

Carbonates deposited since 1930 have less positive 6°C 
values than do older carbonates (Fig. 2), which is opposite 
from what would be expected from the decreased inflow of 
isotopically light river water. Furthermore, the 6°C values 
of older sediments are slightly different at the two locations, 
averaging 4.0%~ in core 93 and 4.5%0 in deep-water core 96. 
The origin of most of the carbonates is from inorganic ara- 
gonite precipitation, which occurs in the epilimnion (Galat 
and Jacobsen 1985). This water is presumably spatially well 
mixed and should not isotopically differ from one part of 
the lake to another. It is possible, however, that the propor- 
tion of biogenic carbonates differs at the two core locations. 
Tenzer et al. (1997) show that ostracod S’“C compositions 
are offset from bulk carbonate values in Pyramid Lake sed- 
iments by about +3%0. The sediments from core 96, which 
are isotopically heavier by -0.5%0, also have greater organic 
matter concentrations (Fig. 3) and could therefore support 
larger numbers of benthic fauna, such as ostracods. Another 
factor is that hydrodynamic sorting evidently occurs to set- 
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Fig. 3. Organic carbon concentrations and organic matter atomic C : N ratios and 8°C values 
in sediments from cores 93 and 96 from Pyramid Lake. A&C is the difference between carbonate 
and organic carbon 8°C values. Carbonate-free S”N values are presented for sediments from core 
93 near the mouth of the Truckee River. Note change in age/depth axis of core 93. 

tling and resuspended carbonate particles in Pyramid Lake 
(Lebo and Reuter 1995), and it concentrates isotopically 
heavier particles in the deeper parts of the lake (Tenzer et 
al. 1997). Such particles may be formed during periods of 
weaker thermal stratification of the lake, or they may be of 
finer size than isotopically lighter particles. Satisfactory in- 
terpretation of the carbonate 6°C values remains elusive, yet 
the decreased values seen in both cores at circa 1930 indicate 
that an important change occurred in the Pyramid Lake eco- 
system as lake level continued to drop at that time. 

Lebo et al. (1993) estimated that 94% of the organic car- 
bon delivered to modern Pyramid Lake is derived from 
aquatic production. A large part of the aquatic organic matter 
is produced during midsummer blooms of the cyanophyte 
Nod&aria spumigena (Galat 1986). Land-based productivity 
in the immediately surrounding desert areas is low, although 
the Truckee River does transport land-derived organic debris 
to the lake. The flux of river-borne organic matter is season- 

ally variable but seldom large; Lebo et al. (1993) estimated 
that its annual average is 5% of the total flux. The remaining 
1% of organic carbon flux is from a variety of minor sources, 
including tumbleweed that is blown into the lake (Galat 
1986), which is a source that is peculiar to desertic lakes. 

We anticipated that past changes to the lake and watershed 
environments .would be evident in the history of accumula- 
tion of organic matter in Pyramid Lake sediments. We found 
that the locations of the sediment core sites were also a fac- 
tor in organic matter accumulation. The concentrations of 
organic carbon are higher in sediments from deep-water core 
96 than in those from core 93, which is nearer to the mouth 
of the Truckee River. Values of between 3 and 4 wt% are 
found throughout core 96 (Fig. 3). In contrast, concentrations 
are between I and 2% throughout most of core 93, but they 
increase to nearly 3% in some post-1900 sediments. The 
higher organic carbon concentrations found in deep-water 
core 96 follow the pattern of increasing concentrations with 
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Table 3. Atomic C:N ratios and 8°C values of plants that are 
potential sources of organic matter to Pyramid Lake sediments. 

Plant sample 
C, land plants 

Willow leaves 
Aspen leaves 
Poplar leaves 
Cottonwood leaves 
Juniper needles 
Pifion needles 
Big sage leaves 
Mormon tea leaves 
Mountain mahogany leaves 
Rabbit bush leaves 
Greasewood twigs 
Greasewood seeds 

C, land plants 
Tumbleweed stems 
Salt grass 
Shadscale leaves 
Shadscale twigs 
Shadscale seeds 
Green molly leaves 
Green molly twigs 
Green molly seeds 

Aquatic plants 
Mixed plankton (May 1986) 
Mixed plankton (May 1989) 
Nodularia (May 1986) 

Atomic C:N 8°C (%,, PDB) 

38 -26.1 
102 -25.8 
62 -27.9 
22 -25.0 
47 -22.5 
42 -24.8 
37 -26.4 
39 -23.4 
30 -23.1 
57 -25.2 

-25.1 
- -21.6 

68 - 12.5 
160 -14.1 
- -14.1 

-12.9 
- -13.1 
- - 14.7 

-13.3 
- -13.6 

- -30.1 
6 -28.3 

13 -18.6 

greater water depth in Pyramid Lake (Tenzer et al. 1997). 
Surficial sediments at 50 m, the depth at core 93, typically 
contain between 1 and 2% organic carbon, whereas those 
from depths of 90-lOOm, such as at core 96, have between 
3 and 4% organic carbon. This pattern also follows a general 
decrease in average sediment particle size in deeper parts of 
the lake (Lebo and Reuter 1995) and reflects sediment re- 
suspension and redeposition. 

Unlike the concentrations, the mass accumulation rates of 
organic carbon are higher in core 93 sediments than in those 
from core 96 (Table 1). The faster sedimentation rate at site 
93 may improve preservation of organic matter (cf. Emerson 
and Hedges 1988; Meyers and Ishiwatari 1993). It is also 
possible that this site may receive more fluvial land-derived 
organic matter, which would be less subject to in situ deg- 
radation (cf. Meyers and Ishiwatari 1993). Because the 
Truckee River provides only 5% of the total organic carbon 
flux to the lake (Lebo et al. 1993), this possibility may be a 
small factor in creating the larger mass accumulation rate 
found in core 93 sediments. 

Organic matter from aquatic sources can be distinguished 
from land-derived organic matter by C : N ratios (e.g. Meyers 
1994). Our summary of C : N values of representative plants 
in and around Pyramid Lake shows that phytoplankton have 
C : N ratios of < 15 whereas vascular land plants, which are 
rich in cellulose and poor in proteins, have C : N ratios of 
22-160 (Table 3). The C : N ratios in sediments from core 
96 in the deep basin are consistently between -10 and 11 
(Fig. 3), indicating dominance of lake-derived organic mat- 

ter. A small shift from values of - 11 in pre- 1900 sediments 
to values of - 10 in post- 1900 sediments coincides with the 
agricultural diversion of Truckee River water. This diversion 
evidently diminished contributions of river-borne, land-de- 
rived organic matter to the entire lake system. C : N ratios in 
sediments from core 93, which is closer to the mouth of the 
Truckee River (Fig. l), are somewhat higher than those in 
core 96. Until after 1900, the values were between 11 and 
13 (Fig. 3). These slightly higher ratios suggest that the sed- 
iments in this part of the lake received more land-derived 
organic matter, although their principal source has always 
been from algae. The shift to lower C: N ratios in more 
recent sediments confirms that fluvial delivery of land-de- 
rived organic matter has been diminished since completion 
of the Derby Dam in 1905. 

Most photosynthetic plants incorporate carbon into organ- 
ic matter using the C, Calvin pathway, which preferentially 
incorporates ‘*C into organic matter and produces a shift of 
about -20%0 from the carbon isotope ratio of the inorganic 
carbon pool. Some desert plants use the C, Hatch-Slack 
pathway, which has a lower isotope shift of -8 to - 12%0. 
Land-derived organic matter produced by plants using the 
C, pathway typically has an average 6’C (PDB) value of 
about -28%0 as opposed to - 14%0 by those that use the C, 
pathway (cf. O’Leary 1988). The distinctive 6°C difference 
in organic matter from C, and C, is apparent in plants from 
around Pyramid Lake (Table 3). Plankton-derived organic 
matter is isotopically similar to organic matter from the C, 
plants from near Pyramid Lake, but it is dissimilar to ma- 
terial from C, plants (Table 3). 

The sedimentary organic 6’C values in both cores are 
monotonous over most of the pre-1900 depositional records. 
Values from core 96 are slightly smaller and those from core 
93 are slightly greater than -24%0 (Fig. 3). These isotopic 
profiles indicate that the organic matter from both core sites 
originated predominantly from C, plants, and they eliminate 
both C, land plants and Nodularia from being important 
sources of organic carbon to the lake bottom. These data, 
combined with the C: N data, agree with the estimate that 
most of the organic carbon delivered to the lake sediments 
was from algal productivity (Lebo et al. 1993). A shift to 
more negative 6’“C values appears in post-1900 sediments 
at both locations, which is consistent with diminished algal 
productivity (Fogel and Cifuentes 1993). One consequence 
of the decreased river flow that started in 1905 apparently 
has been the decreased fluvial supply of nutrients to Pyramid 
Lake. 

The isotopic fractionation between carbonate carbon and 
organic carbon (A&C) remains at -28.5%0 in core 96 and 
-27.0%0 in core 93 for sediments deposited prior to 1900; 
this difference increases to -29.5 and -28.7%0, respectively, 
in more recent sediments (Fig. 3). An older increase in the 
difference is found in sediments deposited circa A.D. 1200 
(Fig. 3). In comparison, Benson et al. (1991) reported a dif- 
ference of -28%0 between sedimentary organic carbon and 
carbonate carbon in Walker Lake and fractionations of about 
-24%0 for Nod&aria spumagena and of -3 1%0 for mixed 
plankton living in the lake waters. Similarly, Hollander and 
McKenzie (1991) found that the A&C changed from 22%0 
during blooms of blue-green algae to 26-30%0 during diatom 
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blooms in Lake Greifen, Switzerland. The change to a larger 
AWC consequently may indicate that the organic matter 
source to the Pyramid Lake sediments has shifted more to- 
ward plankton since river flow has been diminished. An ear- 
lier, similar shift toward greater importance of plankton-de- 
rived organic matter may also be indicated by the enhanced 
A617C found in sediment deposited around A.D. 1200. Anal- 
ogous to conditions since river diversion began in 1905, this 
period may have been one of prehistoric, lowered lake lev- 
els. The earlier enhancement of isotopic fractionation may 
therefore record a time of diminished fluvial delivery of or- 
ganic matter, concurrent increased proportion of aquatic de- 
livery of organic matter, and possible change of the algal 
assemblage in Pyramid Lake. 

The 6”N value of dissolved nitrate is +7%~-10%0, where- 
as atmospheric molecular nitrogen has a value of O%O (cf. 
Peters et al. 1978). This isotopic difference between sources 
of nitrogen to aquatic and continental primary producers is 
preserved in the organic matter of plankton ( 615N of + 8%0) 
and C, land plants (61rN of + 1%0) (Peterson et al. 1985) and 
is another potential indicator of changes in the delivery of 
organic matter to the sediments of Pyramid Lake. Our 615N 
determinations are limited to six intervals from core 93, but 
these data are sufficient to show a change from values be- 
tween +3 and +4%o in sediments deposited prior to 1930 
to progressively more positive values in younger sediments 
(Fig. 3). Diversion of the Truckee River has diminished de- 
livery of isotopically light land-derived organic matter, 
thereby increasing the proportion of isotopically heavy lake- 
derived material. Progressively lower C: N ratios (Fig. 3) 
support a change to delivery of greater relative proportions 
of algal organic matter in post-1930 core 93 sediments. An 
enhanced fraction of lake-derived material is therefore in- 
volved in the shift to larger 615N values of the sediment 
organic matter. 

The magnitude of the S15N shift, however, is much larger 
than would be expected from the relatively small change in 
C : N ratios; algal organic matter has dominated sediment 
compositions throughout the core 93 record. An additional 
factor in the shift to larger 615N values is probably decreased 
isotopic discrimination against “N, as fluvial replenishment 
of dissolved nitrate diminished after diversion of the Truckee 
River in 1905. Consequently, the nitrogen isotope contents 
of the core 93 sediments record both a shift in proportions 
of land-derived and aquatic organic matter and diminished 
availability of dissolved nitrogen to the lake algae as fluvial 
supply has decreased. 

The hydrocarbon compositions of lake sediments can pro- 
vide relatively robust histories of changes in aquatic and 
watershed biological communities. Two factors combine to 
give hydrocarbons introduced to lake sediments long resi- 
dence times. First, higher molecular-weight hydrocarbon 
components have relatively low water solubilities and con- 
sequently associate strongly with sediment particles. Second, 
hydrocarbons as a group are less susceptible to degradation 
than are most forms of organic matter because they lack the 
oxygen- and nitrogen-containing functional groups that im- 
part chemical reactivity. Comparison of the apparent decom- 
position rates of different organic matter components in Lake 
Michigan sediment traps, for example, has shown that the 
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+ n-C,, + n-C,,). The ratio of n-C,, to n-C,, alkanes represents 
tree and shrub hydrocarbon wax contributions vs. grass wax con- 
tributions. Note change in age/depth axis of core 93. 
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apparent degradation rate of hydrocarbons is two to three 
times slower than the decomposition rate of total organic 
matter (Meyers and Eadie 1993). 

Concentrations of total hydrocarbons extracted from Pyr- 
amid Lake sediments are expressed relative to total organic 
carbon concentrations to compensate for the difference in 
organic matter content of the two cores. The organic matter 
present in core 93 contains proportionally more hydrocar- 
bons than does the organic matter at the deep-basin location 
(Fig. 4). The mass accumulation rates of hydrocarbons are 
more than three times greater in the sediments of core 93 
than in those of core 96 (Table 1). The record of total organic 
carbon accumulation in these two cores is fairly uniform 
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Fig. 5. Chromatograms or hydrocarbons extracted from sediments of Pyramid Lake. n-Alkanes 
are identified by the number of carbon atoms they contain. Flat baseline indicates the lack of 
detectable petroleum contamination of these sediments by the absence of the unresolved complex 
mixture. 

(Fig. 3), indicating that variations in preservation have not 
been important. Instead, the hydrocarbon accumulation re- 
cords indicate that the proportions of hydrocarbons in the 
deposited organic matter have been different at the two lo- 
cations and have fluctuated over time. Moreover, we postu- 
late that hydraulic sorting of sediment particles as a result 
of resuspension and resettling has contributed to the differ- 
ence in hydrocarbon loadings at the two sites. 

The common abundance of waxy coatings on land plants 
results in land-derived organic matter having higher propor- 
tional hydrocarbon contents than algal organic matter (cf. 
Eglinton and Hamilton 1963; Cranwell et al. 1987; Cioossens 
et al. 1989; Meyers and Ishiwatari 1993). Greater amounts 
of total hydrocarbons in the sediments of core 93 suggest 
that more land-derived organic matter has been delivered to 
this location, which is consistent with the somewhat larger 
C: N ratios of these sediments (Fig. 3). Similar elevations in 
the proportions of hydrocarbons in older sediments may rec- 
ord former episodes of greater delivery of land-derived or- 
ganic matter to Pyramid Lake. 

The principal sources of hydrocarbons to lake sediments 
can be identified by their distinctive n-alkane chainlength 
distributions. The hydrocarbon compositions of photosyn- 
thetic algae and bacteria are dominated by the C,, biomarker 
n-alkane (e.g. Blumer et al. 1971; Weete 1976; Giger et al. 

1980; Cranwell et al. 1987). Hydrocarbons contributed from 
vascular plants on land or along the edges of lakes contain 
large proportions of C,,, C,,, and C,, n-alkanes that origi- 
nated in the epicuticular waxy coatings of these plants (e.g. 
Eglinton and Hamilton 1963, 1967; Cranwell 1973; Cran- 
well et al. 1987; Rieley et al. 1991). Land plant n-alkanes 
dominate the distributions of hydrocarbons extmcted from 
both modern and older sediments in cores 93 and 96 (Fig. 
5). The dominance of land-derived hydrocarbon components 
seemingly conflicts with bulk organic matter C : N ratios of 
-10 that indicate that most of the sediment organic matter 
originated from algal production. Because contributions of 
land-derived organic matter typically contain higher propor- 
tions of n-alkanes than do those from aquatic algae (cf. Cran- 
well et al. 1987; Goossens et al. 1989; Meyers and Ishiwatari 
1993), n-alkane distributions typically over exaggerate ter- 
rigenous contributions. 

We used a ratio of the known biomarker n-alkane source 
indicators to identify changes in the terrigenouslaquatic mix- 
ture of hydrocarbons in the cores of Pyramid Lake sediment. 
The ratios of land-to-lake-derived n-alkanes were estimated 
as 

Land: lake ratio = (C,, + C,, + C,,)/(C,, + C,, + C2,). 

This ratio is useful for indicating changes in the relative 
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contributions of hydrocarbons from land and lake flora, but 
it must be remembered that the absolute amounts of organic 
matter from terrigenous sources are overrepresented by the 
n-alkane components. 

The n-alkane land: lake ratios are consistently larger than 
1 in all sediment intervals from cores 93 and 96 (Fig. 4), 
thereby verifying the dominance of land-derived components 
that is indicated by the Chromatographic distributions (Fig. 
5). The ratios fluctuate narrowly between 5 to 10 in core 96 
sediments, but fluctuate widely between 3 to 23 in Core 93. 
The lowest value in core 93 occurs in the most modern sed- 
iment interval (A.D. 1981). This low ratio could indicate di- 
minished contributions of land plant matter, enhanced con- 
tributions of algal hydrocarbons, or insufficient time for 
degradation of the algal hydrocarbons, which typically are 
more easily degraded than are land plant waxes (Giger et al. 
1980; Cranwell 1984). Mass accumulation rates of land plant 
hydrocarbons do not systematically decrease in younger sed- 
iments; however, the rates of algal hydrocarbons do increase 
(Table 1). The change to lower C: N ratios and larger 615N 
values in the recent sediments of core 93 suggests that the 
modern decrease in the land : lake n-alkane ratio reflects de- 
layed degradation of the algal components and not increased 
algal productivity. Because sediments of this age were not 
recovered in core 96, we do not know whether this low ratio 
is a lakewide characteristic of modem hydrocarbon compo- 
sitions or whether it is a characteristic of the relatively 
coarse-sized sediments in the shallower parts of Pyramid 
Lake. 

At least part of the fluctuation present in the land : lake 
ratio in sediments from core 93 seems to record variations 
in delivery of land-derived hydrocarbons by the Truckee 
River. Elevated land : lake ratios occur in sediments corre- 
sponding to A.D. 1930 and A.D. 1228. The higher ratios are 
accompanied by larger mass accumulation rates of land-de- 
rived biomarker hydrocarbons (Table 1). Larger proportions 
of land-derived bulk organic matter may have also been de- 
livered to Pyramid Lake at these times. The elevated C : N 
ratio in the sediment horizon corresponding to A.D. 1326 
(Fig. 2) is consistent with an increased delivery of land- 
derived organic matter during this period. 

n-Alkane distributions in lake sediments can also provide 
an approximate record of watershed plant types. In water- 
sheds where grasses dominate, n-C,, is the major sediment 
n-alkane, whereas n-C,, and n-C,, are more abundant in lake 
sediments where trees and shrubs dominate (Cranwell 1973). 
The n-C,, alkane is more abundant than n-C,, in the core 
interval corresponding to A.D. 1228 in core 93 (Fig. 4). In- 
creases in total land-derived organic matter and in land-de- 
rived plant waxes are also indicated in this interval. The 
evidence that land organic matter contribution synchronous- 
ly increased and changed to one in which grasses were more 
important hints that the climate may have briefly been wetter 
between A.D. 1200 and 1400. This explanation means that 
the enhanced A6”C at this sediment horizon (Fig. 3) cannot 
result from lowered lake level and instead may reflect a 
change in algal assemblage. 

Meyers et al. (1980) used the ratio of C,, to C,,n-alkanes 
to evaluate contributions of land-derived and algal hydro- 
carbons in the sediments of a 1.4-m core collected in 72 m 

of water at site 2 (Fig. 1). This land: lake r?-alkane ratio 
remained at -5 from the sediment surface to a core depth 
of 95 cm, similar to the ratio used for core 96 in the central 
basin, but then increased to nearly 40 between core depths 
of 105-l 15 cm. This change to a more land-derived char- 
acter of n-alkane distribution was accompanied by evidence 
of improved preservation of organic matter in the bottom 
sediments, presumably because of enhanced sedimentation 
rates. Greater fluvial delivery of land-derived organic matter 
and of elastic sediments as a result of a period of wetter 
climate was postulated to be the cause of these changes. 
Although the 1976 core was not actually dated, Meyers et 
al. (1980) estimated that this period of climate change cor- 
responded to A.D. 1300-1400 from sediment trap flux data 
and by comparison to sedimentation rates measured in Walk- 
er Lake, south of Pyramid Lake (Fig. 1). The evidence of a 
change to wetter climate between 1200 and 1400 in the core 
93 sediments agrees with the crude estimate of the timing 
of the paleoclimate change from the 1976 core. 

Sediments of lakes near urban areas often contain evi- 
dence of petroleum contamination starting in the late 1800s 
(Meyers 1987). Petroleum hydrocarbons can be distin- 
guished from biological hydrocarbons by two distinctive 
characteristics-the absence of the characteristic odd-carbon 
chainlength dominance of biological hydrocarbons, and pres- 
ence of a more diverse range of molecular structures than is 
found in biological hydrocarbon mixtures (e.g. Farrington 
and Meyers 1975). This latter characteristic results in a mix- 
ture of hydrocarbon compounds that cannot be separated by 
even high resolution capillary gas chromatography, giving 
rise to the term “unresolved complex mixture.” The lack of 
a measurable unresolved complex mixture in any of the 
chromatograms obtained from the sediment core intervals 
(Fig. 5) shows that detectable petroleum contamination is 
absent from Pyramid Lake sediments despite a history of 
power boat use on the lake. 

Our comparisons of sediments from cores obtained from 
the deepest part of Pyramid Lake and from a location closer 
to the principal source of water, the Truckee River, revealed 
temporal and spatial differences in sedimentary organic mat- 
ter contents. A shift in C : N ratios from between 10 and 13 
in older sediments to values of -10 in modern sediments 
implies diminished delivery of land-derived organic matter 
since the onset of river water diversion in 1905. Algal pro- 
ductivity has probably decreased since 1930 because of ac- 
companying diminished delivery of land-derived nutrients. 
The carbon isotopic compositions of sedimentary organic 
matter and carbonates has become more depleted in “C since 
1905, and the difference between the 6°C values of organic 
and inorganic carbon has become larger. The increase in 
A&C probably records changes in algal assemblages in the 
lake as the water level fell and productivity has decreased. 
n-Alkane biomarker molecules extracted from the sediments 
are predominantly from land plants, and the relative propor- 
tion of land-derived material has decreased since fluvial di- 
version began in 1905. Changes in organic matter character 
suggest that an enhanced contribution of land-derived ma- 
terial occurred circa A.D. 1200-1400. A decrease in the al- 
kane biomarker n-C,,: n-C,, ratio indicates an increase in 
grasses relative to trees and shrubs as a result of a wetter 
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climate that prevailed at that time. Sediments closer to the 
Truckee River contain lower concentrations but have higher 
mass accumulation rates of organic matter than in sediments 
from the center of the lake. Different amounts of sorting 
occur to sediments during their transport and deposition in 
Pyramid Lake, and the process affects the amounts and types 
of their organic matter. 
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Copepod mortality induced by fluctuating levels of natural ultraviolet radiation 
simulating vertical water mixing 

Abstract-The effect of fluctuating ultraviolet radiation lev- 
els on the copepod Boeckella gracilipes was investigated in 
Lake Escondido (Patagonia, Argentina). The animals were in- 
cubated either at fixed depths or rotating in in situ plankton 
wheels of different diameters. The observed mortality was sig- 
nificantly higher in rotating treatments. Static incubations can 
be used to predict the mortality of vertically moving B. gra- 
cilipes, providing that the doses of UVA and UVB are known. 
The results suggest that under moderate wind conditions, the 
plankton of shallow lakes are exposed to potentially damaging 
levels of solar radiation, even in relatively turbid waters. 

Natural solar radiation is now recognized as a strong se- 
lective force in aquatic ecosystems. Although much of the 
recent work on UV photobiology has been stimulated by 
future prospects of increases in UVB intensities due to strat- 
ospheric ozone depletion, the accumulated evidence dem- 
onstrates that UV levels considered normal have significant 
impacts on natural communities (Williamson 1995). 

Recent studies using newly developed submersible radi- 
ometers have identified dissolved organic carbon (DOC) 
concentration as the most important factor controlling the 
attenuation of ultraviolet radiation (UVR) in lakes (Scully 
and Lean 1994; Morris et al. 1995; Morris and Hargreaves 
1997). It has also been suggested that changes in DOC con- 
centration may be more important than stratospheric ozone 
depletion in regulating future changes in UVR in natural 
freshwater ecosystems (Schindler et al. 1996; Williamson et 
al. 1996). 

The physical processes controlling UVR penetration in 
freshwaters are reasonably well understood (Kirk 1994). In 
addition, the use of biological dosimeters (Karentz and Lutze 
1990; Regan et al. 1992; Kirk et al. 1994) and in situ in- 
cubations of planktonic organisms (Williamson et al. 1994; 
Zagarese et al. 1994) have helped in understanding the at- 

tenuation of the potential damage with depth. However, dam- 
age assessment is complicated by the fact that planktonic 
organisms may experience tremendous fluctuations in the 
level of radiation because of their vertical displacements. 
(Helbling et al. 1994; Jeffrey et al. 1996). Wind stress is 
usually responsible for turbulent mixing in surface waters 
(Imboden and Wi.iest 1995). In Patagonia (Argentina), the 
mean wind speed during spring and summer is 32 km h-‘, 
and strong winds (>43 km h-l) blow 41% of the days of 
the year (Baigdn and Marinone 1995). 

Plankton 

wheels 

Fig. 1. Top view and side view of the incubation apparatus (see 
description in text). 


