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Abstract The performance of individual phytoplankton to reduced upwelling of nutrients. As the thermal stratib-
species is strongly governed by the thermal stratibcation@ation of lakes and oceans is strongly linked to climate
impact on vertical mixing within the water column, which variables, the present study conbrms that climate warming
alters the position of phytoplankton relative to nutrients andwill alter phytoplankton structure and dynamics largely
light. The present study documents shifts in phytoplanktorthrough effects on nutrient availability and sinking veloci-
structure and vertical positioning that have accompaniedies. Intensibed stratibcation should favor the expansion of
intensibed long-term stratibcation in a natural ecosystenmsmall-sized species and species with the capability of
Ordination analysis is used to extract gradients in phytobuoyancy regulation, which may alter primary productivity,
plankton composition in Lake Tahoe, an extremely nutrientnutrient recycling, and higher trophic productivity.

poor lake, over a 23-year period of records. Community

structure in the 1980s was associated most strongly witKeywords Lakes Algae Nutrients

resource availability (low nitrogen to phosphorus ratios,Water-column stability Mixing

deeper euphotic zone depth), while intensibed stratibcation

dominated the phytoplankton structure since the late 1990s.

Within diatoms, small-sized cells increased with reducedntroduction

mixing, suggesting that suppressed turbulence provides

them with a competitive advantage over large-sized cellsPhytoplankton communities consist of a number of diverse
Among the morphologically diverse chlorophytes, Pla-species with different ecophysiological and morphological
mentous and coenobial forms were favored under intensibetharacteristics, resource requirements, growth rates, and
stratibcation. The selection for small-sized diatoms issinking velocities (Hutchinsoi967 Reynolds2006 Til-
accompanied by a shoaling trend in their vertical position inman 1977). The structure of these communities, such as
the water column. In contrast, the motile Ragellates disspecies size and composition, is governed by various
played a deeper vertical positioning in recent yearsenvironmental interactions. Vertical mixing is one of the
indicating that optimal growth conditions shifted likely due key variables that conditions the growth performance of
individual phytoplankton species within the water column
(Bouman et al.2006 Diehl et al. 2002 Huisman et al.
Communicated by Craig Osenberg. 2004 Salmaso2005, as mixing processes are usually
accompanied by changes in resource availability of light
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and theoretical (DiehP002 Huisman et al.2004 work in the water column (Fe&976. Similarly, bloom-forming
documented shifts in algal community structure andphytoplankton species (e.g., cyanobacteria) may contain
dynamics related to physical mixing processes by affectinggas vesicles to decrease their density. These functional
the distribution of algae in the water column and the lightspecies have a distinct competitive advantage at reduced
regime experienced by individual species. Few studiesertical mixing (Findlay et al2001; Huisman et al2004
document Roristic shifts in natural phytoplankton com-Strecker et al2004).
munities in relation to change in physical mixing processes In addition to sinking velocities, water-column mixing
linked to climate interactions (Chavez et aD02 Findlay affects nutrient availability for phytoplankton growth.
et al.200% Karl et al. 1997 Lehman2002 Schindler et al. Enhanced water-column stratibcation suppresses the
1990. Besides these well-documented observations, weapward Bux of nutrients from deep-water layers through
know little about how natural phytoplankton communities vertical mixing resulting in more nutrient-depleted condi-
respond to long-term changes in vertical mixing processesons in surface waters (Livingstor2003 OOReilly et al.
that would likely accompany climatic changes. 2003 Schmittner2005 and is accompanied by reduced
Vertical mixing of natural waters is largely determined by primary production (Behrenfeld et #2006 Goldman et al.
meteorological variables. Heat exchange processes and wid®89 Jassby et al1999. Because a high surface area to
action create two opposing tendenciesNthe tendency toolume ratio enables rapid nutrient exchange through the
stratify and suppress mixing, and the tendency for inputs o€ell surface, small algal taxa are expected to be favored
turbulent kinetic energy to promote mixing (WetZ2001). under lower nutrient concentration (Bell and Kl&fb01;
The seasonal cycle of summer stratibcation and winteMalone 1980. As a consequence, altered mixing regimes
mixing is a product of the time varying nature of these twoaffect the competitive advantage of specibc algal cell
tendencies. It stands to reason that changes in meteorologiaabrphologies. Generalization on the basis of cell charac-
forcing due to long-term climatic change would result in ateristics can be useful indicators of how alterations in the
modibcation of the balance between stratibcation and mixphysical and chemical environment impact phytoplankton
ing. Marine and freshwater environments have experiencestructure, because algae with similar cell morphologies
increased surface-water stratibcation and a decrease dften have similar functional properties (Huisman et al.
mixing depth linked to climate warming over last decades2006 Litchman et al.2007 Reynolds2006.
(Boyd and Doney002 King et al.1997 Livingstone2003. In the present contribution the historical phytoplankton
The most signibcant climatic effects on phytoplanktondataset of Lake Tahoe is used to investigate how long-term
species composition will most likely be mediated throughchanges in physical forcing alter the temporal dynamics of
changes in thermal stratibcation patterns such as the exteplhytoplankton species composition. Lake Tahoe is an
of the growing season and vertical mixing processes (Diehéxtremely oligotrophic lake that has experienced an increase
et al. 2002 Rodriguez et al2001; Schindler et al.1996  in water-column stability over the last four decades, due to
Smol et al. 2005. Detecting changes in natural phyto- long-term climate warming (Coats et &006. The phyto-
plankton assemblages associated with mixing regimeglankton community in the size range aboveuh was
however, is in part complicated by confounding factors ofdominated by diatoms, chlorophytes, chrysophytes, cryp-
anthropogenic nutrient alterations, which often obscurdophytes, and dinolRagellates, while cyanobacteria were
mixing effects on algal species composition (Anneville et al.usually under-represented. These conditions allow the
2005 Edmondsor1994 Gaedke and Schweiz&093. investigation of mixing effects on a diverse phytoplankton
A change in the intensity or duration of thermal strati- assemblage. The present study describes recent Roristic
bcation has a direct impact on turbulent diffusion andshifts and changes in the vertical positioning associated with
phytoplankton cell sedimentation, which are the majorchanges in the strength of stratibcation. These results indi-
mechanisms causing vertical displacement for non-motileate that species characteristics have a major impact on the
cells (Huisman et al2006 Livingstone 2003. Thermal performance of individual species and that a differential
stratibcation and vertical mixing therefore have an imme+esponse among functional groups can be anticipated with
diate inBuence on phytoplankton sinking velocities, whichintensibed stratibcation.
increase non-linearly with size (Smayded69, giving
smaller species an advantage in an environment where
turbulence is not present to resuspend all planktonic speMaterials and methods
cies (Bopp et al2005. In contrast, buoyant species and
Bagellates have relatively low net sinking velocities Study site
(Findlay et al.200% Huisman et al2004 Strecker et al.
2004, and the latter ones are highly motile and are capabléake Tahoe is a subalpine lake located at an elevation of
of selecting an appropriate light and nutrient environmentl,898 m in the Sierra Nevada mountain range of California
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and Nevada, USA. The lake has a surface area of 50f) kmthat must be done against gravity in order to break down
maximum depth of 501 m, mean depth of 330 m, and is fre¢hermal stratibcation in the water column (for further
of ice the entire year. The lake is stratibed from mid April toinformation see Fig. S2 in ESM). The stability of the lake
early November; the average thermocline depth is 21 m iwas characterized by calculating monthly and annual
August and increases to 32 min October (Coats €@C4)§).  average values d¥? in the euphotic zone depth (260 m)
Itis an oligomictic lake, with the greatest depth of mixing in as this depth region reBects the depths where phytoplank-
the late winter to early spring. Complete mixing to theton dominate (Carney et all988 Kiefer et al. 1972).
bottom, however, is only seen in years of intense spring’hermocline depth was calculated during the stratibed
storms (Goldman et al989 Wetzel200]). Lake Tahoe is season debned as depth at which density increased
oligotrophic with a Secchi depth that currently is in the 0.215 g m? from its surface reference value. Annual
range of 20D25 m. The lake develops a deep-water chl@nomalies were calculated by subtracting the annual
rophyll maximum during the summer between 40 and 60 naverage for the entire time series.
depth (Abbott et al.1984. Seasonal vertical probles of  Nitrate and phosphorus was measured at the mid-lake
environmental variables are illustrated in Fig. S1 in thestation at depths of 0, 10, 50, 100, 150, 200, 250, 300, 350,
Electronic Supplementary Material (ESM). The mesozoo400, and 450 m over the sampling period. For phosphorus,
plankton population has been relatively consistent since thtotal acid-hydrolyzable phosphate (THP) has been mea-
1980s, dominated by the copepod spedkgptomus tyrr-  sured historically in Lake Tahoe (Jassby etl#195. Since
elli and Epischura nevadensis, which showed low grazing 2001 measurement of total phosphorus and orthophosphate
pressure on phytoplankton (Elser and GoldmMa81). concentration have been included in the sampling program.
Historical THP concentration are corrected with ortho-
phosphate concentration measured in recent years to
Limnological data calculate nitrogen:phosphorus molar ratios. Vertical nitrate
probles were used to estimate depth of spring mixing (for
Physico-chemical data used in this study were collectedetails see Pearl et al975. Volume-weighted average
from a near-shore station (Index station, maximum samnutrient concentrations were calculated in the upper 100-m
pled depth of 125 m) and a mid-lake station (maximumwater column after daily and depth interpolation.
sampled depth of 450 m) (for a detailed map see Jassby Samples for phytoplankton counting and identiPcation
et al. 2003, with an average sampling interval of 12 and were collected from 0, 2, 5, 10, 15, 20, 30, 40, 50, 60, 75,
26 days, respectively, between 1982 and 2006. The da&0, and 105 m depth at the Index station between 1982 and
included in this study were restricted to this time period2006 and from 0, 10, 50, and 100 m at the mid-lake station
because phytoplankton numeration and identibcation haveetween 1992 and 2006 and Pxed with LugolOs solution (no
been conducted by the same observer over this perioghhytoplankton data are available for 1990 and 1991).
Measurements of temperature at depths of 0, 2, 5, 10, 1%verage sampling frequency for phytoplankton ranged
20, 30, 50, and 100 m were combined from the near-shorbetween 13 days at the Index station and 30 days at the
and mid-lake station. Data from the two sites have typicallymid-lake station. Taxonomic phytoplankton identibcation
shown very little differences at the same depths. For eachnd cell counts of species were analyzed from a composite
depth, daily values of temperature were interpolated usingample, which was composed of volume-weighted aliquots
cubic spline interpolation. The daily temperature proble afrom each depth sample based on the hypsographic curve
1-m intervals was then derived by linear interpolation, andof the lake. In addition discrete depth samples at 5, 20, 40,
used to calculate volume-weighted mean lake temperatur@0, 75, and 90 m were analyzed once a month from 1983 to
and vertical density probles. Density was calculated as 4987 and 2002 to 2006. After sedimentation of 100 ml for
function of temperature, salinity (assumed constant a?2 h (Utermtl technique; Lund et al1958, cells were
0.042 p.s.u.), and pressure (depth). An average density waseasured and counted at the species level with an inverted
calculated over a bin of 3 m and used to calculate verticamicroscope at 150, 300x, and 600« magnibcation in
probles of BruntbMadafrequency (Millard et al1990 as  order to cover the whole photoautotrophic community
an indicator of the stratibcation strength of the water col-encompassing the nano- and microphytoplankton size
umn. This buoyancy frequency represents the strength giinge &4 um). For each sample a debned area of the

the vertical density gradienivé): Utermenl chamber was counted. The brst pass over the
9 sample was viewed under low magnibcation, $5@here
N2 Y, 8op .
4 D0z a specibc area (1 dnwas counted for large, rare cells. At

higher magnibcation, strips of 1 cm in length and one Peld
where g is the acceleration due to gravity, is in situ  of view in width were counted. A minimum of two strips,
potential density andis depth.N? is a measure of the work perpendicular to one another, were counted. If sample

@ Springer



182 Oecologia (2008) 156:179D192

abundances were low, up to four strips were counted with aommunity composition (Interlandi and Kilhar@003).
minimum total cell count of 400 as the lower limit of Temporal change of phytoplankton genera is conducted on
acceptability. Phytoplankton biomass is expressed as cefl matrix of annual averages (year) by genera biovolume to
volume and was estimated for individual species byextract years with similar phytoplankton structure.
assigning different geometric shapes that were most similar Data were transformed by square root transformation
to the real shape of each phytoplankton species (Hillebrandnd double standardized (species by maximum species
1999. A mean cell volume was assigned to each phytobiovolume and dates to unit totals). NMDS is started from
plankton species based on current cell-size measurementandom starting conbgurations and the solution with the
Average genus cell volume over the sampling period wasowest OOstressOO was selected from 500 runs. Stress mea-
estimated by correcting for the relative contribution of eachsures departure of bt between the ordination and the data
species to the genus. Species composition and abundanaed is calculated as a departure from monotonicity between
were similar for both stations (not shown) and data fromthe two series of distances. A stable three-dimensional
both stations were pooled for calculating monthly averagessolution was identibPed for all ordinations. Orthogonal
rotation of the NMDS solution was used to maximize
correlations of axes so that the variance of points is max-
Data analysis imized on brst dimension. Environmental variables were
related to the strongest gradients (axes) in species com-
A total of 300 phytoplankton species represented by 99osition and, using overlays, in the ordination space
genera have been identibed over the course of the samplingwards which the environmental vectors change most
period. Cyanobacteria and Euglenophyta were excluded irapidly and to which they have maximal correlations with
the analysis because of low abundances in the size rangke ordination conbguration. Linear regression was used to
above 4um. For trend and ordination analysis, the genugrelate the environmental data of nutrient concentration,
level was used as the smallest taxonomic unit. It has beeoptical and physical (mixing) properties, as well as zoo-
shown that little additional information is gained when plankton (crustacean) density to the NMDS axis scores
phytoplankton are identibed to species rather than gener@Jovan and McCune2005. Multivariate analysis was
and genera are a reliable indicator of perturbation (Coteonducted using the vegan package in R.
tingham and Carpentet998. Rare genera, debPned as Species indicator values (Dufre and Legendrd997)
those occurring in less than two annual observations and/@re calculated to characterize phytoplankton genera within
low biovolume, were excluded in the multivariate analysisthe time periods of similar phytoplankton community
to reduce noise in the data, which resulted in a total of 63dentiPed by cluster analysis. The indicator value of each
genera. Trends were estimated with robust nonparametrigenus is calculated as the product of the relative frequency
methods that are efbcient in the presence of non-normaind relative average abundance in clusters. The maximum
residuals and outliers. Monotonic trends in monthly seriesndicator value for each species among all clusters was
were assessed using the seasonal Kendal test corrected fetained (Duftee and Legendr&997).
serial correlation (Hirsch and Sladi®84).
Non-metric multidimensional scaling (NMDS) ordina-
tion and hierarchical clustering analysis were used tdResults
extract gradients in phytoplankton community composition
over time based on the S¢renson (BraybCurtis) distandeong-term trends and seasonal phytoplankton
matrix. NMDS is a powerful tool for ecological community succession
data that include a large portion of zero values because it is
not biased by the OOjoint absencesOO effect (McCune dtvailable phosphorus (orthophosphate) concentrations
2002 and outperformed linear models (such as principalwere slightly elevated in the 1980s in Lake Tahoe and
components analysis or redundancy analysis). NMDS is adecreased thereafter according to the seasonal Kendall test
iterative search for the positions of species and time on fewr = —0.31,P = 0.001; Fig.1a) and were at a consistently
dimensions (axes) that minimizes the departure fromow level of 1D1.5:g I~ between 1990 and 2006 & —
monotonicity in the association between distance (dissim0.01, P = 0.93). In comparison, average annual total
ilarity) in the original data and ordination space. It plots phosphorus concentration in the top 100 m water was
dissimilar objects far apart in the ordination space and’.4 g I™* (+ 1.7 SD) between 2001 and 2006 (data not
similar objects close to one another. The temporakhown). Average annual nitrate concentrations showed
dynamics of the phytoplankton community was characterhigh interannual variability ranging between 4 and g
ized based on biovolume averages to reRect the truk* and no consistent trend & 0.13,P = 0.24; Fig.1b).
contribution of individual species to phytoplankton The depth of spring mixing explained about 68% of the
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Fig. 1a—f Annual averages of nutrient concentrations and physicaldepth ¢;,) reRects the depth where photosynthetic available radiation
properties in Lake Tahoe, California, USA between 1980 and 2806. is 1% of its surface value BruntbViésdafrequency §?) anomalies,
Orthophosphate concentration (no data are available for 1980), used as an indicator of stratibcation strength, fatiermocline depth
Nitrate concentrationyg |~%, gray bars) and depth of spring mixing anomalies are calculated as deviations from the long-term mean
(open symbols) and c nitrogen:phosphorus molar ratiav{P) are between 1980 and 200&rror bars represent SDs

average estimates of the upper 100-m water coluiriBuphotic zone

variance in annual nitrate concentration in the upper 100-neuphotic zone depth increased=¢ 0.41,P = 0.008) over
water column P < 0.001). Elevated annual nitrate con- the same period. Since the late 1990s, valuea/ofvere
centrations in the upper water layers were observed witlabove the average for the period 1980D2006 (except 2000)
deeper spring mixing depth when high-nitrate water from(Fig. 1e), suggesting an intensibcation of stratibcation in
deep-water layers was transported to the surface layethe 2- to 60-m depth interval. A trend of increasing strat-
(Fig. 1b). Overall the dissolved nitrogen:phosphorus molaribcation is further re3ected in shoaling thermocline depth
ratio increased signibcantly over the sampling periodduring the stratibcation period (the shoaling trend was
(r = 0.28, P = 0.004; Fig.1c), indicating nitrogen limi- marginally non-signibcant, = —0.09,P = 0.08; Fig. 1f);
tation in the 1980s to phosphorus limitation in the 1990sannual average thermocline depth varied between 27.7 and
and near-balanced nitrogen:phosphorus supply accordir$f.3 m depth.

to the Redbeld ratio (assuming a 16:1 molar ratio) in recent Total annual phytoplankton biovolume was relatively
years, respectively. Monthly average euphotic zone depthonsistent between 1982 and 20@6= —0.19,P = 0.22;
decreased over the sampling peried£ —0.17,P = 0.02)  Fig. 2a). Among the major phytoplankton groups, chryso-
and annual averages ranged between 52 and 67 m {Fig.phytes showed a signibcant downward trend based on
d). In addition, the strength of stratibcatioV?j of the  monthly biovolume averages & —0.17,P = 0.03), while

Fig. 2 aAnnual andb monthly

average phytoplankton a b
blovolum_e BV) of major = Distoms B Cryptophytes Diatoms === Chrysophytes |\
taxonomic phytoplankton Chlorophytes T Dinoflagellates Chlorophytes Cryptophytes _
groups in Lake Tahoe between 1200 B Chrysophyles G Haplophytes e e T S TN
& | % L K
1982 and 2006 (no data are g 100 £
available for 1990 and 1991). e 801 F80 o
Haptophytes are not shown E 601 leo 2
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abundances. Diatom BV ih is 20 1 L4 B
shown on the right-hand axis 01 O T T T T T T T T
1980 1985 1990 1995 2000 2005 12345678 9101112
Year Month of the year
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the remaining major taxonomic groups did not exhibit avariables it will not be discussed further. The NMDS
signibcant trend over the sampling perio# % 0.16). ordination indicates that community structure differed
Diatoms showed a clear seasonal pattern with high aburlargely among years and a temporal separation based on
dances in spring (Figb). The diatom biovolume increased species composition is evident (Fig).. Three periods of
linearly from the beginning of the year and peaked in earlydistinct phytoplankton structure were identiPed since 1982.
May, soon after stratibcation occurred. Biovolumes ofCommunity composition differed between years during the
chlorophytes, chrysophytes, and cryptophytes were fairlj)l980s (1982D1989) and in the early/mid 1990s (1992b
uniform during winter and spring, and decreased slightly1997) and since 1998 (ANOSIM contrasting the three
with stratibcation. DinofRagellates displayed the oppositgeriods, »r = 0.79, P < 0.001). The pattern of temporal
response, increasing noticeably after the onset of stratipphytoplankton community separation is identical using
cation in late April, peaking in June and then graduallycluster analysis (Fig4). Annual phytoplankton community
declining through the end of the year (Figb). was classibed into two clusters with distinctive phyto-
plankton community structure. Cluster 2 can be split
further into two sub-clusters identical to the NMDS ordi-
Long-term shift in phytoplankton species composition nation. Indicator species for the prst period included genera
from all functional groups, for the second period from
The NMDS ordination of the phytoplankton community, chlorophytes and diatoms, and for the third period mainly
based on annual average biovolume, suggested a Pnallorophytes, chrysophytes, cryptophytes and the diatoms
solution with three axes (correlation between calculatedCymbella and Cyclotella. The gradient in species compo-
dissimilarities and ordination distance for brst twosition along NMDS axis 1 was most strongly associated
dimensionsr = 0.81); the addition of a fourth axis affor- with phosphorus concentration, euphotic zone depth, and
ded only a slight reduction in minimum stress. Because théhe nitrogen:phosphorus ratio (Fig, Table 1), indicating
third axis had only low correlations with environmental that slightly elevated phosphorus concentrations and nitrate

N [:| 1982 - 1990 Tetraedron (99)
Chlamydomonas (92)
0.4 1992 - 1997 1989 Nitzschia (89
03 [0 1998 - 2006 1988 StaurasmSm 283)
Diatoma (75)
Stichococcus (74)
Chrysolykos (71)
Scenedesmus (70)
Sphaerocystis (67)
Achnanthes (63)
Chromulinium (61)
1987 Asterionella ( 61)

—{ 1086 L Peridnium (0

Urosolenia (57)

O 2002 ] Gloeotila (78)
84 ﬁ 2001 Cymbella (78)
2000 Istmochloron” (71)
z Eu 2006 Epipyxis (58)

Tetraspora (50)
Cyclotella (50)
Dictyospora (49)
Gloeobotrys (48)
Carteria (46)

2005 :

Ankistrod 45

L Cae | | A
2003 Cryptomonas (43)

Chrysochromulinia (42)

86

© ©

® @

AR
1982 — 1989

NMDS 2

1998 — 2006

] Dbi 38
T I I : ‘ { ;ggg 5 ispora (38)
-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 1994 S| fragitaria 0)
NMDS 1 1993 Cll Ié/i;geoc;?f?gl)um (48)
1996 S| Crucigenia (40)
Fig. 3 Ordination and cluster analysis of the phytoplankton commu- 1997 | Aulacosira (39)

nity from Lake Tahoe for 23 years (1982D2006; no data are availabl I ‘ I I
for 1990 and 1991). Non-metric multidimensional scalidg{DS) 0.50 0.40 0.30 0.20 Indicator species and
ordination of year scores derived from annual genera BV with Bray-Curtis distance value
environmental variables overlaid [three distinct periods: 1982D199!

(circles), 1992D1997f{{led diamonds), 1998D2006skaded squares)]. Fig. 4 Cluster dendrogram using complete-linkage method of annual
Vector length and direction indicate correlation with the ordination BV phytoplankton genera. Therizontal axis (BrayDCurtis distance)
and point to the direction of most rapid change in the environmentarepresents the height at which each merger was made. Indicator
variable. Only signibcant vectors are shown (see Tahl&nviron- species and their corresponding indicator value are listed for each
mental vectors are: the strength of the vertical stratibcatigf), ( period. Species with an indicator valuesé for the brst period and
thermocline depth7(hp), orthophosphate concentratioR)( N:P, and >25 for subsequent periods are retained (for additional genera see
Zey. For other abbreviations, see Figsand 2 Table S1 in ESM)
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limitation and/or a deeper euphotic zone depth are théndicating association with more stratibed conditions.
dominant drivers for a different phytoplankton community Among chrysophytesQchromonas and Chrysolykos indi-
composition in the 1980s. The gradient of NMDS axiscated a positive correlation with axis 1 (Figb) and the
score 2 ref3ects the increasing trend in stratibcation strengmall-sized gener&pipyxis and Mallomonas as well the
and decreasing trend in thermocline depth, suggesting thablonial Gloeobotrys with axis 2. These taxa were indica-
intensibed stratibcation affected the phytoplanktortive of the brst and third time period, respectively (Fi.
community particularly since the late 1990s. Other envi-The colonial Ragellate chrysophyt®&roglena appeared
ronmental factors considered in the analysis as well asporadically in high densities in the lake and is strongly
zooplankton density showed weak association with axi@ssociated with years of greater mixing and/or phosphorus
scores (Tabld). limitation. The haptophytePleurochrysis, Bicosoeca, and
NMDS axis score 1 is positively associated with bio-the dinoRagellate®eridinium indicated a strong associa-
volume changes of the majority of phytoplankton generaion with axis 1, while correlations of the remaining genera
across the entire size spectrum betweam?¥ (Flagellates)  within these groups and cryptophytes were generally weak
and 28,556:m? (Zygnema) cell volume or 3.5 and 33@m  with both axes (Fig5c). Most of the large-sized (fast-
maximal linear dimension (Figh; Table S1 in ESM). sinking) diatoms were positively associated with axis 1
Several chlorophyte genera including different functionalsuch asSuriella, Nitzschia, and Navicula (Fig. 5d), sug-
and morphological characteristics showed strong associgesting that these diatoms were favored under low
tion with low nitrogen:phosphorus ratios and deepemitrogen:phosphorus ratios and stronger mixing. Among
euphotic zone depth, such as the Ragell@¥damydo-  diatoms, genera associated with an intensibed vertical
monas, the unicells Staurastrum and Tetraedron, the  density gradient were the relatively small-sized species
coenobiaScenedesmus, and the Plamentous genefag-  Cyclotella and Cymbella and were characteristic of the
nema and Mougeotia (Fig. 5a). These genera showed high third time period (Fig4). Additionally, these genera were
indicator values for this brst time period (Fig) and were negatively associated with axis 1, indicating facilitation
rarely observed in recent years, suggesting that conditionsnder an increased vertical density gradient and phospho-
in the 1980s were favorable for these taxa. The strongests limitation. In contrast the large-sized genévagilaria
positive association of chlorophytes with axis 2 was withandSynedra were negatively associated with axis 2 and the
the coenobiaDispora and Ankistrodesmus, the coloniales strength of the vertical density gradient, respectively, and
Botryococcus and Nephrocytium, and the Plamentous indicative of the pPrst and second time period (Fy.
generaGloeotila and Planktonema (Fig. 5a). These genera Several genera of the phytoplankton assemblage
are representative of the third time period (R, exhibited a trend of changing biovolume over the sampling
period (for detailed trend statistics see Table S1 in ESM).
_ o _ Multiple regression of the phytoplankton Kendall correla-
Table 1 Pt_earson coefbcient of determlnatlon_) betweer_l environ- o coefbcient € on their ordination scores were
mental variables and phytoplankton NMDS axis scores in Lake Tahoe . . . . .
between 1982 and 2006 & 23) negatively associated along axis 1 and positively along axis
2 (R = 0.81; partial correlation coefpbcientgyvps: =

Variables Arsl Ms2 P —0.65, ravps2 = 0.32; P < 0.001). This indicates that
Euphotic zone depth 063 -0.20 <0.001 genera with positive scores along axis 1 showed a tendency
Nitrate concentration 0.02 -0.03 0.73  of declining abundance over the sampling period (f6aj),
Nitrogen:phosphorus molar ratic ~ —0.54 0.32 0.007 including some of the dominant taxa such as the 3agellates
Phosphate concentration 0.74 —0.26 <0.001 Chlamydomonas, Peridinium, Synura, Stichococcus, the
Spring mixing depth _0.07 —0.26 0.48 relatively large-sized cellsAsterionella, Synedra and
Strati cation strength _0.38 0.59 0.007 Staurastrum, and the small-sized unicellStichococcus,
Thermocline depth 029 —062 0.002 Tetraedron, and Urosolenia. This association suggests a
Timing of stratibcation onset 0.14 —0.03 0.30  declining response to increasing nitrogen:phosphorus ratio
Zooplankton density 004 —0.39 010 and reduced light levels. In contrast, Fgh shows that

genera with high scores along axis 2 exhibited a positive

Correlation coefbcients indicate the strength (magnitude) and direc: . .
tionality (sign) of vectors to ordination axis scores 1 and 2. Positivgtrend’ suggesting that these genera were particularly

and negative signs indicate an increase or decrease along an axigvored under stronger stratiPcation and increased nitro-
respectively. Axis 1 is rotated to reRect the observed (decreasingyen:phosphorus ratio. Functional groups that contribute to
gradient in phosphorus concentration and euphotic dépthdicates  thjs pattern include mainly blamentous (e Blgnktonema,

the signibcance of btted vectors using permutation of environment . . .
variables £ = 1000). For description of environmental variables Seeaéloeotlla), coloniales and coenobia (e.gBptryococcus,

Gaterials and metho® section. Signibcant variables are in boldGloeobotrys, Dispora) as well as small-sized algal cells
face type (e.q.,Epipyxis, Cyclotella).
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Fig. 5a—e NMDS ordination
biplots of phytoplankton genera
in Lake Tahoe between 1982
and 2006.afd Indicate genera
within each major taxonomic
group; e vectors of signibcant
environmental variables are
shown (with same axis scales).
Environmental vectors are
described in Fig3. Species
characteristics are fast sinking
(FS), and slow sinking £S); for
details see Table S1 in

ESM. Chiam Chlamydomonas,
Dictyo Dictyosphaerium,

Monor Monoraphidium,

Neph Nephrocytium,

Spon Spondylosium,

Elakat Elakatothrix,

Stich Stichococcus,

Stau Staurastrum, Zyg
Zygnema, Tetraed Tetraedron
(a colonial Bagellate),0ocy
QOocystis, Achn Achnanthes,
Masto Mastogloia, Navic
Navicula, Suri Surirella

Fig. 6 Correlation betweem
NMDS axis scores 1 and
NMDS axis scores 2 and trend
statistic of phytoplankton
genera between 1982 and 2006.
The trend is calculated
according to the Kendalt-test
(Tau). Morphological
characteristics of genera are
represented by symbolg, SS;
for species classibcation see
Table S1 in ESM). For
abbreviations, see Fig8.and5

Vertical distribution patterns

The bulk phytoplankton biomass in Lake Tahoe isin the 1980s compared to 60 m in more recent years,
observed between 45 and 65 m depth and concentratesliggesting that a larger fraction of diatom biomass was
around the depth region where phosphorus and nitrogepresent at shallower depths and a smaller fraction at deeper
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Trend correlation coefficient (Tau)

the two periods, F(z11y= 8.9, P = 0.004; Fig.7). In
addition, maximum mean diatom depth was at about 75 m

increase (Fig7). Compared to the 1980s, mean depth ofdepth in more recent years. The trend of higher diatom
diatoms was about 10 m shallower in most recent yearbiovolume in shallower depths cannot be explained by

(mean depth between 1983 and 1986 wast59 m and

between 2002 and 2006 5B 4.6 m; ANOVA contrasting betweenZg, and mean diatom depti® = 0.28,P = 0.11,
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Fig. 7 Monthly values of the center of gravity (mean depth) of the periods 1983D1987h(n lines) and 2002D200Giéavy lines), and total
vertical distribution of a diatoms, b R3agellates,c colonial and  phosphorus TP) concentration for 2002D200@otted horizontal
coenobia cell types shown as annual box pléteavy lines indicate  lines indicate thermocline depthdashed horizontal lines indicate
annual meansdots indicate outliers.d Average values of vertical nitrocline depth

temperatureXemp) and nitrate concentratio()3) are shown for the

n = 10). In comparison, RBagellates displayed a slightlynutrient exchange rate between deep and surface water
deeper and narrower depth distribution in more recentayers (Behrenfeld et al2006 Verburg et al.2003. In
years although the difference was marginally signibcantake Tahoe, much of the interannual nitrate variability is
between the early and recent time periods (ANOVA,due to the variable depth of spring mixing (Jassby et al.
Fe,11y= 3.5, P = 0.06), whereas coloniales and coenobial995. In contrast phosphate concentrations were unaf-
did not exhibit a different vertical distribution pattern fected by mixing intensity. Reasons for this independency
between the two time periods (ANOVAF(.11)= 0.03, are likely due to depletion by phytoplankton assimilation of
P = 0.9; Fig. 7). this growth-limiting resource, insufbcient measurements of
the total bioavailability phosphorus pool, and improved
watershed management constrained external phosphorus
Discussion loadings (Jassby et all995 1994). Overall nitrate con-
centrations were not depleted in surface waters despite
The present study demonstrates that in addition to nutrierincreasing stratibcation, which is probably due to intensive
alterations (Anneville et al2009, changes in thermal internal spring loadings in the late 1990s, increasing
stratibcation processes affect the temporal organization aretmospheric deposition (Jassby et 2995 1994, and in
vertical positioning of natural phytoplankton assemblagesaddition, an exhausted phosphate concentration may have
In Lake Tahoe, a long-term warming trend was observedestricted extensive algal growth and thus nitrogen uptake.
over the last decades (Coats et2006. As a result, water- On the other hand, high interannual variability may mask a
column stability increased and thermocline depth becaméong-term trend. However, high year-to-year nitrate vari-
shallower, indicative of stronger vertical thermal gradientsability and low consistent phosphorus levels resulted in
and reduction in turbulent diffusion (King et al999 increasing nitrogen:phosphorus ratios, indicating that
Winder and Schindle20048. In addition, deep spring phosphorus has become the primarily limiting resource
mixing events have not occurred since 1999, with con{Goldman et al.1993. This demonstrates that mixing
current effects on nitrate availability in the upper wateraffects primarily the variability of nutrients (nutrient
column, while phosphorus concentrations were at a relaratios), which are as important for phytoplankton as their
tively constant level since the 1990s. Lake TahoeOabsolute concentrations (Elser et 8007 Makulla and
phytoplankton composition is strongly coupled with the Sommerl1993 Tilman et al.1982.
vertical mixing regime (Carney et all988 Tilzer and In response to altering resource availability and mixing a
Goldman 1978; consequently alterations in physical temporal gradient in phytoplankton structure was observed
(mixing) conditions affected phytoplankton dynamicsin Lake Tahoe between 1982 and 2006, whereas phyto-
likely by altering resource competition and species sinkingplankton biomass did not exhibit a signibcant change,
rates (Bopp et a005 Huisman et al2006 Ptacnik et al. probably because of compensatory species dynamics
2003, and ultimately the expansion of species and mor{Vinebrooke et al2003. The ordination analysis captured
phological cell types best adapted to conditions associatefivo main correlates of phytoplankton community struc-
with intensibed stratibcation. turebresource availability (nitrogen:phosphorus ratio,
Mixing processes operate on phytoplankton through amphosphorus, light) along the brst and the strength of ther-
effect on sinking velocities of non-motile species and onmal stratiPcation along the second axis. The majority of
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algal species across a wide size range and different motilitpheath2003. Indeed, blaments can reach high abundance
characteristics were positively associated with the Prst axisn stratiPped water columns (Leitao et &003 Reynolds
indicating resource variability as a dominant driver for et al.2002 Salmas@®003. These characteristics give them
phytoplankton growth (Anneville et al2005 Guildford buoyancy and competitive advantage over species with
and Hecky200Q Lehman et al2004 and that low nitro- higher sinking velocities at reduced mixing (Reynolds
gen:phosphorus ratios, i.e., N limitation, in the 1980s2006. In addition, many of these chlorophytes are
favored certain species from all functional groups. Somechlorococcales, which tend to increase at high nitrogen:
large-sized Ragellates (e.gGhlamydomonas), including  phosphorus ratios (Makulla and Sommém®93 and
mixotrophic species such a@%ridinium and Ochromonas  increasing phosphorus limitation in Lake Tahoe may have
were associated with low nitrogen:phosphorus ratios in théurther contributed to their success. Filamentous blue-
1980s. Overall mixotrophic species did not increase irgreens, which have similar morphological adaptations to
Lake Tahoe = —0.21, P = 0.16) despite a critical reduce sinking velocities (Reynold¥06 usually domi-
phosphorus concentration (Goldman et &P93. This  nate under reduced mixing conditions in nutrient-enriched
observation is in contrast to studies reporting an increase ianvironments (Harris and Baxtef996 Huisman et al.
large-size Ragellates and a dominance of mixotrophiQ004 Visser et al.1996). The present study suggests that
species with phosphorus reduction (Dokulil and Teubneintensibed stratibcation will likely increase the incidence
2005 Findlay et al.200% Gaedke and Schweized993  of Pblamentous and coenobial chlorophytes, which can
Sommer et al1993. A lack of an increase in these func- adapt to chronically oligotrophic conditions (Makulla and
tional groups in Lake Tahoe is likely owing to relatively Sommer1993, in lakes where large-sized cyanobacteria
small changes in phosphorus concentration compared tare under-represented.
the other studies. Generally, species that are most strongly Chrysophytes, which are generally considered to be
associated with the brst axis and thus the resource gradiemgipod competitors at a low phosphorus concentration
and indicative of the 1980s, showed a declining trend ove(Lehman and Sandgreh985 Siver 2003, are the only
the sampling period, indicating a response to changingaxonomic group that showed a signibcant decline in Lake
nutrient availability. In later years, phosphorus became th@ahoe despite increased nitrogen:phosphorus ratios. These
nutrient limiting resource in Lake Tahoe and together withecophysiological requirements cannot explain the declining
increasing stratibcation resulted in the expansion of a diftrend of this group relative to others, although their
ferent phytoplankton community. resource physiologies can be quite diverse (Nicholls and
The gradient of the second NMDS axis, which was mostVujek 2003. The small-sized genuBpipyxis is the only
strongly correlated with thermal stratibcation, was formedchrysophyte that showed a signibcant increase and was
by distinctive phytoplankton cell types. Among chloro- most strongly associated with increased stratibcation.
phytes, colonial, coenobial, and Plamentous forms showeWhether the lack of deep spring mixing events in recent
a strong positive linkage with this axis, indicating facili- years and increase in stability are responsible for the loss of
tation under reduced vertical mixing. Particularly re-suspension of viable chrysophytes resting stages and the
blamentous 1= 0.18, P = 0.05) and coenobial cell causes for the declining abundance remains a hypothesis to
types ¢ = 0.21,P = 0.02) increased in Lake Tahoe. The be tested. Indeed, viable phytoplankton communities can
PlamentousPlanktonema lauterbornii, which is a cosmo- survive in deep-water layers in Lake Tahoe (Kiefer et al.
politan species that seems to prefer warmer waters (Nogd®72 Tilzer et al.1977, Vincent1983 and reduced spring
and Viirret 2001 was recorded for the brst time in Lake mixing may not provide enough of an initial inoculum for
Tahoe in 1986 (Buergi et al.993. Further, the blamentous the population to RBourish.
chlorophyteGloeotila sp. had not been recorded in surveys Among diatoms, the dominant taxonomic group in Lake
before 1989 and was a constant representative thereaftdrahoe,Cyclotella, is the only genus that increased signif-
and the coenobi®ispora sp. was brst observed in 2003. icantly over the last few decades. This small-sized
Similarly, the colonial specie®otryococcus braunii was (180 um® average cell volume) centric genus showed a
only recorded once in low abundance before 1994 angositive association with the second NMDS axis, while
blooms were increasingly observed in subsequent yearfarger-sized genera such &siedra (367 pm?>), Fragilaria
Reduced mixing and warmer water temperature may havé430 um?), and Stephanodiscus (4,309um?) showed neg-
favored the invasion and contributed to the success of thessive correlations with NMDS axis 2, indicating a response
chlorophytes (Reynold2006 Tilman et al.1986. These to the changing mixing regime. For diatoms, sinking
algal cell types have several adaptations to reduce theirelocities increase with size (Diehl et &002 Ptacnik
sinking rates, including form resistance in Pblamentoust al. 2003 Reynolds2006. These siliceous algae require
species (Padi¢aet al. 2003 or a mucilaginous sheath and well-mixed conditions to remain suspended in the water
oil inclusion in Botryococcus (Belcher 1968 Wehr and column (Reynoldsl984) and some cells dominate under
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isothermal mixing (e.g.Stephanodiscus) (Sommerl985.  velocity is in agreement with theoretical work (Huisman
The competitive increase i@yclotella in Lake Tahoe may and Sommeije2002. In contrast to diatoms, mean depth
be due to their small cell size, which reduces sinkingof RRagellates increased slightly in recent years. These
velocities and gives them buoyancy at periods of strongemotile plankters have the ability to search for optimal
thermal stratibcation.Cyclotella contributes more than growth conditions (Reynold2006, and the afbnity for
60% of the total diatom biovolume (data not shown), anddeeper depth strata suggests a spatial shift of optimum
Cyclotella ocellata, with an average diameter of 12 yum  nutrient and light conditions. Lake TahoeOs deep chlo-
accounts for over 80% of totdlyclotella biovolume (data rophyll maximum is located in the vicinity of the
not shown). The increasing trend @yclotella is largely  nitrocline, and a deeper Ragellate depth positioning is
attributed to this species, and overall small-sized slowlikely due to reduced re-submission of nutrients from
sinking diatoms exhibited an increasing trend in Lakedeep-water layer resulting in a deepening of the nitro-
Tahoe ¢ = 0.27, P = 0.006) compared to a decreasing cline. Unfortunately depth resolutions of nutrient data are
trend of large-sized fast-sinking cellst £ —0.22, not high enough in Lake Tahoe (seeVi@@rials and
P = 0.05) (for cell size see Table S1 in ESM)yclotella  method€©0 ) to track nitrocline changes at this scale
is characteristic of a lower nutrient concentration duringduring the stratibcation period.
times of stable stratibpcation in surface waters in Lake The present results demonstrate that reorganizations
Tahoe (Carney et all988. In addition, this species is a within the phytoplankton community likely occur with
good competitor for nitrogen and has high light require-changing thermal structure of the water column (Bopp
ments (Carneyl 987 Interlandi and Kilham2001). These et al.2005 Findlay et al.2001, Huisman et al2004 Smol
ecophysiological characteristics are inconsistent withet al. 2005 Strecker et al2004). Moreover, the present
increasing nitrogen:phosphorus ratio and decreasing claritytudy suggests that species best adapted to increasing
in Lake Tahoe (Jasshy et @003 and cannot be respon- stratibPcation, such as small-sized algal cells and species
sible for their expansion. However, the physical andthat are able to regulate their buoyancy, are able to expand.
chemical changes may have a synergistic effect on thitntensibed stratibcation is expected with climate warming
small-sized species because a large surface to volume ratf8chmittner2005 Winder and Schindle20043, and our
allows rapid nutrient uptake. A geographically widespreadstudy indicates that this change will be accompanied by
increase inCyclotella species has been documented inaltering phytoplankton structure, which also affects their
palaeoecological records (Kilham et d996 Ruehland positioning in the water column. This suggests that the
and Smol2005 Saros et al2003 Sorvari et al.2002 and  capability of phytoplankton to adapt to intensibed stratib-
their success has been linked to an extended growingation should be considered in biogeochemical models
season and enhanced thermal stratibPcation (Smol et alsed to predict global warming impacts. These changes in
2005. While paleolimnological studies do not explain the primary producers are crucial for entire ecosystems and
detailed processes and mechanisms of the observed chamill have associated effects on primary production, bio-
ges, the present study suggests that in deep lakes tigeochemical cycling of carbon and other elements, and will
driving mechanism for the success of small-sized diatondetermine energy transfer to higher trophic levels through
species is linked to thermal stratibcation. microbial or herbivore pathways (Legendre and Leviee
Increased water-column stability in Lake Tahoe hasl989 Sommer et al2002.
favored particularly diatom taxa that are less prone to
sinking. The selection for small-sized diatoms is furtherAcknowledgements We thank C. R. Goldman for developing the
supported by the shoaling trend in their vertical positionflrl‘gr;tefg:‘ ggﬁﬁ% gr(t’r?;a?a‘r);‘p:‘;k’e; azouitgr' zhs'cgafrsrl:ggnafcﬁ'
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