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Climate and land use change are altering the supply of dis-

Abstract

Phytoplankton assembly dynamics in lakes are highly sensitive to variability in climate drivers and resulting
physicochemical changes in lake water columns. As climate change increases the frequency of major precipita-
tion events and droughts, many lakes experience increased inputs of colored dissolved organic carbon (CDOC)
and nutrients. How these CDOC-related changes in resources, transparency, and thermal stability affect phyto-
plankton assemblages, succession, and resilience is understudied, particularly in subtropical lakes. Here, we used
time series, multivariate, and trait-based functional redundancy analyses to elucidate the roles of phytoplankton
in ecosystem resilience and determine potential drivers of assemblage shifts in a subtropical monomictic lake
with fluctuating CDOC inputs (Lake Annie, Highlands County, Florida, USA). We found that phytoplankton
assemblages and successional patterns differed between two dark-water states (late 2005-mid-2007, late
2012-2019) bracketing a clear-water state (mid-2007-late 2012), caused by shifting CDOC and nutrient concen-
trations associated with oscillating groundwater levels. Diatoms (Bacillariophyta), which were dominant during
the two dark-water states, nearly disappeared and were replaced by synurophytes during the clear-water state.
Assemblages had greater interannual consistency in the dark-water states, while mean functional redundancy
decreased in the clear-water state. Seasonal phytoplankton successional changes were also more pronounced
and synchronized with seasonal hydrologic shifts in the dark-water states. Multiyear assemblage shifts occurred
more quickly in clear-to-dark than dark-to-clear state transitions, suggesting phytoplankton in dark-water states
may be more resistant to state transitions or even contribute to dark-water state resilience via feedback loops.

state reversions

(Pace and Cole 2002; Bergstrom and

solved organic carbon (DOC) and nutrients to lake ecosystems
at regional and global scales (Pace and Cole 2002). Concomi-
tant reductions in water transparency, acidification, and sup-
pression of bacterial and primary productivity caused by
increased colored DOC (CDOC) inputs have led to transitions
of lakes across the trophic spectrum to brown-water states
(Carpenter and Pace 1997; Solomon et al. 2015; Kritzberg
et al. 2020). The effects of these transitions on lake biota as
well as their reversibility are poorly understood due to a lack
of long-term studies and few instances of naturally occurring
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Karlson 2019). Determining how phytoplankton assemblages
respond to long-term changes in CDOC input on seasonal to
interannual timescales will illuminate the consequences of
CDOC shifts on phytoplankton dynamics and whether lakes
can be resilient to water color shifts.

An ecosystem'’s ability to maintain its existing state is
founded on resilience, or the amount of internal and external
perturbations a system can withstand before shifting to an
alternative state (Holling 1973; Angeler and Allen 2016). In
browning lakes, the suppression of bacterial activity by refrac-
tory CDOC is a pertinent example of a feedback that increases
resistance to state change (Carpenter and Pace 1997; Standish
et al. 2014). Furthermore, the quality of allochthonous DOC
can affect autochthonous DOC production, also influencing
resilience (Kelly et al. 2018; Olson et al. 2020). Widespread
lake browning and interactions with phytoplankton assem-
blages are of recent interest in limnology (Deininger
et al. 2017; Wilken et al. 2017; Senar et al. 2021), yet knowl-
edge of the reversibility of these conditions and specific phy-
toplankton assemblage responses or contributions to recovery
are less well documented.
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Browning may occur in pulses as a result of intense or even
moderate rainfall events, the frequency of which are expected
to increase with a warming climate (Pendergrass et al. 2017;
Kritzberg et al. 2020; Stockwell et al. 2020). Large pulses of
mineralized allochthonous organic matter and nutrient runoff
are most often delivered to lakes following periods of flooding
or continuous water table saturation when accumulation of
organic matter is faster than mineralization rates in the water-
shed (Gaiser et al. 2009a; Solomon et al. 2015). As most allo-
chthonous DOC is highly colored (Bertilsson and
Tranvik 2000), lakes may be particularly subject to browning
when exposed to alternating wet-dry periods due to oscilla-
tions in rainfall. Climate teleconnections such as the El Nifio
Southern Oscillation (ENSO), Pacific Decadal Oscillation
(PDO), or Atlantic Multidecadal Oscillation (AMO) are associ-
ated with rainfall oscillations, driving physical and biological
shifts in lakes over interannual to multidecadal timescales
(Harris and Baxter 1996; Winder and Schindler 2004; Gaiser
et al. 2009b). Because large influxes of allochthonous DOC
tend to dissipate slowly from lakes due to their highly refrac-
tory nature, extended periods of brown water may occur
despite subsequent natural or managed decreases in allo-
chthonous inputs (Carpenter and Pace 1997; Solomon
et al. 2015). Long-term data from lakes with oscillating inputs
of CDOC provide an opportunity to examine the resilience of
brown- and clear-water states.

Light limitation caused by browning can lead to increased
numbers of mixotrophic phytoplankton such as cryptomonad
Cryptomonas, and ochrophytes Dinobryon and Gonyostomum
semen (Wilken et al. 2017; Kritzberg et al. 2020). Because
mixotrophs are capable of both autotrophy and heterotrophy,
they may persist and outcompete other taxa even if allo-
chthonous DOC inputs decline (Jones 2001; Wilken et al. 2017).
The presence of mixotrophic taxa may also increase the func-
tional redundancy (the number of different species/taxa filling
similar functional roles, Angeler and Allen 2016, Ricotta
et al. 2016) of a phytoplankton assemblage, due to their diverse
functional forms (Leles et al. 2018). General ecological theory
suggests when functional redundancy is high, the loss of a
given species is less likely to have a strong effect on ecosys-
tem function, making functional redundancy a suitable
proxy for resilience (Standish et al. 2014; Ricotta
et al. 2016). Examining the relationship between phyto-
plankton assembly and environmental change using func-
tional group or trait-based approaches can also improve
understanding and prediction of community change and
may provide additional indication of resilience in lake eco-
systems (Reynolds et al. 2002; Kruk et al. 2010, 2017).

Subtropical monomictic Lake Annie (Highlands County,
Florida, USA) is a meso-oligotrophic lake with oscillating CDOC
inputs revealed by water clarity and physicochemical data col-
lected over 30+ yr (Gaiser et al. 2009a) that are correlated with
the AMO (Gaiser et al. 2009b). Water table height increases dur-
ing the warm (positive) phase of the AMO causing increased
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surface and groundwater inflows to Lake Annie, which increase
lake water stage and concentrations of allochthonous CDOC
(Gaiser et al. 2009a,b). In contrast, the cold (negative) AMO
phase reduces precipitation intensity, variability, and amount
in Central Florida (Enfield et al. 2001; Curtis 2008), reducing
groundwater levels and surface water flows to the lake. With
lessened allochthonous CDOC input, water clarity tends to
increase in these years, as observed historically from 1962 to
1993 (Battoe 1987; Gaiser et al. 2009a). Although AMO phases
occur in 65-80 yr intervals, precipitation patterns in Florida are
also influenced by shorter timescale teleconnections such as
the PDO, ENSO, and their interactions with regional climate
variability (Enfield et al. 2001; Moses et al. 2013).

Given the strong multiyear oscillatory CDOC pattern in
Lake Annie, we expected to observe a difference in phytoplank-
ton assemblages between periods of dark- and clear-water color
states, driven by the effects of CDOC delivery on light, nutri-
ents, and thermal stability (H1, Fig. 1). During dark-water
states, we predicted increased ecosystem resilience, measured
by interannually consistent phytoplankton assemblages with
greater mean functional redundancy (H1a). During the clear-
water state, we predicted reduced resilience, measured by inter-
annually inconsistent phytoplankton assemblages with lower
mean functional redundancy (H1b). We hypothesized a
stronger relationship between phytoplankton assemblage
and external (hydrologic) controls during dark-water states
due to increased groundwater stage (H2). This difference
could be driven by changes in abiotic and biotic regulation
where dark-water assemblages may be maintained by exter-
nal drivers (CDOC, nutrients) and biological feedback loops,
while clear-water assemblages may be more strongly
influenced by biological interactions alone. Here, we use time

Clear (H1b)
- precipitation pulses

|

— - GWS, LWS

- nutrients -CDOC
|
+ transparency

- thermal stability

l Sta_t? phytoplankton
transition - assemblage
= assemblage

interannually inconsistent,
interannually consistent, —O~ ~o functional redundancy |
= ~

Fig. 1. Conceptual diagram of anticipated drivers of phytoplankton suc-
cession in dark-water (H1a, left) and clear-water (H1b, right) states based
on the theoretical ball-and-cup model of system stability. Abbreviations
GWS and LWS are defined as ground water stage and lake water stage,
respectively.
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series and multivariate analyses alongside a trait-based func-
tional redundancy analysis to elucidate the potential drivers
of phytoplankton assemblage shifts and roles of phytoplank-
ton in lake ecosystem resilience to fluctuating CDOC inputs.

Materials and methods

Study site

Lake Annie is a small (0.364 km?) yet deep (Zmax = 21 m)
meso-oligotrophic lake located in Highlands County, Florida,
USA (27°12'35"N, 81°20’'57"W). The Ilake lies within the
protected watershed of Archbold Biological Station (Archbold)
33.7 m above mean sea level (amsl) on 60-80 m of sand and
clay sediment (Bishop 1956).

Physicochemical sampling and analysis

Monthly limnological sampling began in 1983 with the addi-
tion of phytoplankton sampling in late 2005. Data were col-
lected monthly from the water column in 1 m intervals at the
deepest point of the lake (20.7 m), including measurements of
pH with a YSI Pro Plus handheld meter, and dissolved oxygen
(DO) and temperature using a YSI Model 58 portable meter
(2005-2010) and YSI Pro20 (2010-present). Thermocline depth
and Schmidt stability were calculated from temperature profiles
in RStudio v. 1.2.5001 (R Core Team 2019) using the
rLakeAnalyzer package (Winslow et al. 2019). Oxycline depth
was determined as the depth where DO < 0.5 mgL™".

Total monthly precipitation was measured at Archbold’s
National Weather Service Cooperative Main Grounds Weather
Station. Monthly mean lake water stage and water residence
time were calculated from a georeferenced stage recorder
installed near the northern outlet of the lake. Mean groundwater
stage was calculated from weekly measurements of a well
upslope from the lake at 63.7 m amsl. Teleconnection index
values for the AMO, PDO, and Southern Oscillation Index (SOI)
were obtained from the National Oceanic and Atmospheric
Administration National Centers for Environmental Information
website.

Light extinction rate (K m~') was calculated from photo-
synthetically active radiation (PAR) measured at 1-m intervals
using a LiCor LI 188B Integrating Photometer with 2 pi sur-
face and underwater sensors (2005-2015) and a LiCor LI 1500
(2016-present) coupled with Secchi disc values to evaluate the
light environment (Gaiser et al. 2009a,b). Surface water sam-
ples were analyzed monthly for chlorophyll a (Chl a), total
phosphorus (TP), and total nitrogen (TN) by spectrophotome-
try. Water color was measured monthly using the platinum-
cobalt scale method for 2010-2015 and limited to quarterly
thereafter given the strong relationship to DOC (r = 0.91,
Florida LAKEWATCH 2020). Monthly surface water samples
for TOC and DOC were stored in the dark at 4°C until analysis
at Florida International University. After acidifying to pH < 2,
and purging with CO,-free air, TOC was measured by direct
injection onto a hot platinum catalyst in a Shimadzu TOC-
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5000 analyzer. The same method was used to measure DOC
after filtration through a 0.45-um ashed filter.

Phytoplankton sampling, identification, and enumeration

Phytoplankton were collected using 10 m vertical tows of a
20-um net, preserved with 1% glutaraldehyde and refrigerated
until analysis. A subsample of concentrated phytoplankton
was mounted onto a semi-permanent slide and enumerated
for relative phytoplankton abundance using either a Zeiss Axi-
oskop 2 microscope at x640 magnification or a Nikon Eclipse
E600 microscope at x600 magnification. At least 500 natural
units (individual cells, colonies, or filaments) were counted
and identified to the lowest possible taxonomic level.

Research design

Because not all DOC is colored (Bertilsson and Tranvik 2000),
water color as PCUs was chosen as the metric of water color
state. Canfield et al. (1984) previously classified Florida lakes as
visibly colored (dark) during periods when water color was
greater than 20 PCUs; however, 30 PCUs was used as the cutoff
in this study as water color was consistently below this thresh-
old for an extended period of time. For all variable analyses, the
time series was broken into three states defined by shifts in
water color above or below a threshold of 30 PCUs (Fig. 2).
Groupings include states dark-water 1 (October 2005-October
2007), clear-water (November 2007-September 2012), and dark-
water 2 (October 2012-December 2019). Because water color was
only measured quarterly for a large portion of this study, missing
monthly data (48% of values) were interpolated by averaging the
prior and subsequent values to form a continuous time series. The
time series was decomposed using moving averages with a multi-
plicative model to examine the long-term movement of water
color (trend component) by eliminating noise and seasonal com-
ponents of the data set. A Chow test for a structural break was
used to determine significant differences between dark- and clear-
water states using base R statistical functions in RStudio
v. 1.2.5001 (Chow 1960; R Core Team 2019). Dark-water 1 and
the clear-water state demonstrate a structural break (Chow statis-
tic = 193.73, Fui = 1.69) as well as the clear-water and dark-water
2 state (Chow statistic = 59.55, Fix = 1.50). These results were
supported by Tukey HSD test results following a one-way ANOVA
of the three states (dark-water 1, clear-water, and dark-water 2) for
both water color and groundwater stage, calculated using PAST sta-
tistical software (Hammer et al. 2001).

Data analysis

Means (+ SE) of 17 environmental variables were calculated
for dark- and clear-water states including AMO Index, PDO
index, SOI, precipitation as end of month total, monthly
groundwater stage (m amsl), monthly lake water stage
(m amsl), Secchi disk depth (m), PAR extinction rate as
(Kg m™ 1), TOC and DOC (mg L), water color (PCUs), ther-
mocline depth (m), Schmidt stability (J m ?), oxycline depth
(m), monthly mean pH, TP (ug L™'), and TN (mg L™'). Welch’s
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Fig. 2. Monthly mean groundwater stage (solid line), quarterly surface water color (dashed line), and monthly mean PDO index values (vertical gray
bars). The first vertical line indicates a shift in surface water color < 30 PCU (dark-water state 1 to clear-water state) and the second vertical line indicates
a shift in surface water color > 30 PCU (clear-water state to dark-water state 2). Water color and groundwater stage were strongly correlated, r = 0.79.

t tests were used to determine differences (*p < 0.05) between
states of unequal sample size using PAST statistical software
(Hammer et al. 2001). The ¢ scores were also reported as a mea-
sure of the size of the difference. Correlations between vari-
ables were calculated and visualized within a Pearson
correlation matrix also using PAST (Hammer et al. 2001).
Missing phytoplankton samples for months April 2006,
November 2006, January 2013, and June 2017 were excluded
from all analyses except for time series analyses where values
were interpolated using the means of the prior and subse-
quent month values. Taxon richness, Shannon diversity,
taxon cell density (cells mL™') and taxon biovolume
(um>® mL~') were calculated for each sample. Taxon cell densi-
ties and biovolumes were converted to relative cell density
and relative biovolume (% of total sample). Time series of
these data were examined for each phylum. Each taxon was
assigned to one of eight morphology-based functional groups
(MBFGs). Following the outline of seven phytoplankton
MBFGs proposed by Kruk et al. (2010), an eighth group was
added to separate filamentous Charophyta and Chlorophyta
from MBFG group 4. Groups include (1) small organisms with
high surface area to volume ratio, (2) small flagellated organ-
isms with siliceous exoskeletal structures, (3) large filaments
with aerotopes, (4) medium size organisms lacking specialized
traits, (5) medium to large size unicellular flagellates, (6) non-
flagellated organisms with siliceous exoskeletons, (7) large
mucilaginous colonies, and (8) large filaments lacking
aerotopes  (Supporting Information Table S1). Taxa
undescribed by Kruk et al. (2010) but present in Lake Annie
were assigned to the closest functional group based on their
morphology. Temporal changes in mean percent contribution
to biovolume of each functional group in the dark- and clear-
water states were examined, and functional redundancy ana-
lyses were performed with functional unit data using methods

outlined by Ricotta et al. (2016; see Supporting Information
Methods). A Welch’s t test and one-way ANOVA were used to
determine differences (*p <0.05) in functional redundancy
between clear and dark states. Each taxon was also assigned a
size class, small (0-100 gm?®), medium (101-1000 ym?), or
large (1001-300,000 xm?), based on log,o transformed cellular
biovolume.

Multivariate  analyses including nonmetric multi-
dimensional scaling (NMDS) ordinations were constructed
using PRIMER-E v. 7.0.13 (Clarke and Gorley 2015) software
to visualize dissimilarity among phytoplankton assemblages
in dark- and clear-water states (see Supporting Information
Methods). Following an initial cluster analysis, phytoplankton
assemblage data were organized into three groups: dark-
phytoplankton assemblage 1 (October 2005-November 2009),
clear-phytoplankton assemblage (December 2009-August 2013),
and dark-phytoplankton assemblage 2 (September 2013-December
2019) reflecting suspected response lags to water color state
transitions. The initial two-dimensional NMDS ordination was
rotated so that axis 1 was most strongly correlated with time
(year). Axis 1 scores were examined as a decomposed time
series in RStudio (R Core Team 2019) using moving averages
with a multiplicative model. The time series was compared
with the decomposed trend line of water color to visualize the
lag time of assemblage change in response to water color
shifts. A Chow test was used to test the significance of struc-
tural changes in the ordinations’ axis 1 values regressed by
time (Chow 1960; R Core Team 2019). A similarity percentage
breakdown was used to calculate the contribution of each
taxon to the dissimilarity between the three phytoplankton
assemblage groups. Dark-phytoplankton assemblages 1 and
2 were then combined and compared with the clear-
phytoplankton assemblage using the same analysis. Welch’s
t tests were performed using taxon richness, Shannon diversity,



Sullivan et al.

and Chl a metrics as a univariate measure of difference
(*p < 0.05) between dark- and clear-phytoplankton assemblages
using PAST statistical software (Hammer et al. 2001). To observe
trends over time, Bray—Curtis similarity matrix data were plotted
as a scatter plot using months between samples as the indepen-
dent variable. Two one-way analyses of similarity (ANOSIM)
were also performed on the resemblance matrix data in PRIMER
(Clarke and Gorley 2015). Samples were grouped by phytoplank-
ton assemblage (dark 1, clear, and dark 2) and then by dark-
phytoplankton assemblages combined and compared with clear-
phytoplankton assemblages. Results were generated after 1000
permutations, and analyses had a significance level of 0.1%.

Results

Physicochemistry

Mean monthly groundwater stage was lower in clear-water
than dark-water states and was positively correlated with water
color (r = 0.79, Supporting Information Table S2). Water color
did not differ between dark-water 1 and 2 states, and both
dark periods had greater water color than in the clear-water
state (p<0.001). Unlike the longer period of record
(1983-2009) where AMO was a significant driver of water
color (Gaiser et al. 2009b), the correlation of AMO and SOI
with water color during this period (2005-2019) was weaker
(r = 0.24 and r = —0.28, respectively). The PDO was found to
have a stronger correlation with groundwater stage (r = 0.52)
and water color (r = 0.35). The dark-water states had a mean
residence time of 9.1 months while the clear-water state had a
mean residence time of 13.5 months.

Comparisons between dark-water and clear-water state
monthly mean water color indicates strong seasonal trends in
transparency during dark-water states (Table 1; Supporting
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Information Fig. S2). In contrast, the clear-water state monthly
mean PAR extinction rate (Kq m ') shows decreased seasonal-
ity and variability. Mean extinction rate for a given dark-water
state month was always greater than the corresponding clear-
water state month, with September and October showing the
greatest difference in extinction rates. Extinction rate was
strongly correlated with groundwater stage (r = 0.80) and
water color (r = 0.92, Supporting Information Table S2).

Of all 17 environmental variables (Supporting Information
Table S3), 13 differed between dark-water 1 and 2 and clear-
water state. Mean annual maximum groundwater stage and
lake water stage were higher during the dark-water states
(40.2 and 33.7 m amsl, respectively) and lower during the
clear-water state (39.0 and 33.6 m amsl, respectively, Table 1),
while there was no strong difference in summer thermocline
depth and Schmidt stability between the two states (12.1 and
448.4 Jm™? respectively, for dark-water state, 12.6 and
447.2 ] m~?, respectively, for clear-water state). Strong correla-
tions (r< —0.5 or >0.5) were found among all water clarity
variables (Secchi depth, PAR extinction rate, TOC, DOC, and
water color; Supporting Information Table S2).

Phytoplankton assemblage

A total of 279 taxa (morphologically distinct units) were
identified from 8 algae phyla (Supporting Information
Table S1) within the 167 monthly phytoplankton samples
enumerated from October 2005 to December 2019. Although
mean richness did not differ between dark- and clear-
phytoplankton assemblages (30.1 + 0.8 vs. 30.7 + 1.2, respec-
tively), Shannon diversity was different between assemblages
(1.7 £ 0.1 vs. 2.0 + 0.1, respectively). Chl a was higher in dark-
phytoplankton assemblages than the clear-phytoplankton
assemblage (4.7 £0.2 vs. 2.7 £ 0.2 ug L™!, respectively). A lag

Table 1. Mean = standard error (SE) of select physicochemical variables for the dark-water (PCU > 30) and clear-water (PCU < 30)
states. Dark-water states 1 and 2 (January 2005-October 2007 and October 2012-December 2019) were grouped for comparisons with
the clear-water state (November 2007-September 2012). The p values (*p < 0.05) and t scores (t.ix = 1.97) for Welch'’s t test are pres-
ented in the last column. Variables include Pacific Decadal Oscillation (PDO) Index, precipitation as end of the month total (PPT),
monthly mean groundwater stage (GWS), monthly mean lake water stage (LWS), thermocline depth, Secchi disk depth, surface water
color (PCU), surface water total phosphorus (TP), and surface water total nitrogen (TN). For expanded table including all 17 physico-

chemical variables, see Supporting Information Table S3.

Dark 1 and 2 Clear Dark x Clear
Variable Mean + SE N Mean + SE N p value (t score)
PDO Index —0.09 £ 0.08 121 —-1.47 £0.10 59 <0.001*(10.59)
PPT (cm) 10.67 + 0.89 121 10.13 £1.19 59 0.717 (0.36)
GWS (m amsl) 40.17 £ 0.04 121 38.97 £ 0.04 59 <0.001* (20.49)
LWS (m amsl) 33.71 £0.01 121 33.56 £ 0.01 59 <0.001* (8.79)
Thermocline depth (m) 6.53 £0.27 121 7.93 +£0.36 59 0.002* (3.10)
Secchi depth (m) 1.76 £ 0.06 121 4.05+0.13 59 <0.001*(15.79)
Water color (PCU) 71.33 £5.81 58 13.46 +£ 0.95 35 <0.001*(9.83)
TP (ug L) 9.60 + 0.33 121 5.66 +£0.21 58 <0.001*(10.07)
TN (mg L") 0.43 £ 0.01 121 0.29 £ 0.01 58 <0.001*(9.30)
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time of 25 months was detected between the dark-water 1 to
clear-water state transition (November 2007) and the phyto-
plankton assemblage response (December 2009). A shorter lag
time of 11 months was found between the clear-water to dark-
water 2 state transition (October 2012) and the phytoplankton
assemblage response (September 2013).

A large centric diatom, Urosolenia spp., was the most abun-
dant diatom (Bacillariophyta) in the dark-phytoplankton
assemblages contributing to 13.8% dissimilarity between the
dark- and clear-phytoplankton assemblage groups (Supporting
Information Table S1). Occasional increases of Asterionella for-
mosa were also common during dark-phytoplankton assem-
blages. The largest change in assemblage structure throughout
the study period was the near disappearance of diatoms in the
clear-phytoplankton assemblage, synchronized with an
increase in chrysophytes and synurophytes (Ochrophyta,
Fig. 3). Synura petersenii and Mallomonas spp. dominated in the
spring months in the clear-phytoplankton assemblage and
together contributed to 7.1% of the dissimilarity between
dark- and clear-phytoplankton assemblages (Supporting Infor-
mation Table S1). Charophyta were abundant throughout the
time series with Staurodesmus triangularis v. inflatus dominat-
ing both dark- and clear-phytoplankton assemblages.
Charophyta relative abundance decreased during the clear-
phytoplankton assemblage years, but relative biovolume
increased, indicating the presence of larger species such as
Mougeotia spp., Staurastrum novae-caesareae, and Staurastrum
ophiura. Chlorophytes were also more abundant in the clear-
phytoplankton assemblage, although relative biovolume
remained consistent throughout the study period. Dinoflagel-
lates (Miozoa) rarely contributed to more than 10% of relative
abundance but due to their large size comprised a large portion
of assemblage relative biovolume. Fusiperidinium wisconsinense
and Peredinium bipes were the most common dinoflagellates
during dark-phytoplankton assemblages, F. wisconsinense was
also common during the clear-phytoplankton assemblage with
F. wisconsinsense and P. bipes contributing to 5.4% and 5.2% of
the dissimilarity between dark- and clear-phytoplankton
assemblages, respectively (Supporting Information Table S1).
Cyanobacteria relative abundance increased slightly during the
clear-phytoplankton assemblage years, but relative biovolume
remained low throughout the study period.

A 2D NMDS ordination with a minimal stress of 0.22 was
achieved based on taxon relative biovolume (Fig. 4). Collective
results of a one-way ANOSIM and NMDS ordination showed
that clear- and dark-phytoplankton 2 assemblages were the most
dissimilar (global R: 0.80), while dark-phytoplankton assem-
blages 1 and 2 were the most similar (global R: 0.31). Dark-
phytoplankton assemblage 1 and the clear-phytoplankton
assemblage were more similar but still distinct (global R: 0.45). A
second one-way ANOSIM of the combined dark-phytoplankton
assemblages with the clear-phytoplankton assemblage had a
global R of 0.62. All ANOSIM values were significant. Water clar-
ity and nutrients were the strongest drivers of phytoplankton
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assembly in the dark states with the Secchi depth vector show-
ing the greatest influence (r = —0.64) aligned with axis
1 (Supporting Information Table S4). The precipitation vector
was almost orthogonal to other hydrology and water clarity vec-
tors, suggesting greater influence on axis 2. A Chow test of the
relationship between axis 1 point values and time revealed a
structural break between dark-phytoplankton assemblage 1 and
the clear-phytoplankton assemblage (Chow statistic = 32.05,
Foit = 1.69) as well as between the clear- and dark-phytoplan-
kton 2 assemblages (Chow statistic = 41.37, F.;; = 1.63).

Seasonal and interannual trends in phytoplankton sample
similarity were observed in the Bray-Curtis phytoplankton
assemblage resemblance matrix (Supporting Information
Fig. S3). As expected in temporally autocorrelated data sets,
similarity is highest among adjacent sample pairs, but was
lowest around 6-yr interval pairs. There is a noticeable sea-
sonal trend in the first segment of the graph among samples
with 1-4-yr paired contrasts which dissipated toward the mid-
dle of the time series and reappears in 10-14-yr interval pairs,
matching the dark- and clear-phytoplankton assemblage tran-
sition points. Seasonally, there was not a strong difference
between assemblages (ANOSIM R = 0.07, nor a strong wet—dry
seasonal difference between assemblages (ANOSIM R = 0.04);
however, at least 5 dark years had 12-month return trajectories
that were not evident in the clear years (Supporting Informa-
tion Fig. S4).

The decomposed time series of NMDS axis 1 scores shows
how the phytoplankton assemblage changes over time
(Fig. 5). There is a strong decrease in axis 1 score values from
2010 to mid-2013 following a similar decrease in water color
PCUs from mid-2007 to 2013. The previously determined lag
time of around 25 months from initial PCU decrease below
30 units and phytoplankton assemblage shift was apparent, as
well as the much shorter second lag between increase in PCU
above 30 units and the second phytoplankton assemblage
shift.

The phytoplankton assemblage data visualized by MBFGs
reveals strong trends in phytoplankton functional group dis-
tribution between dark- and clear-phytoplankton assemblages
(Fig. 6). While some functional groups were similarly distrib-
uted between assemblages (MBFGs 1, 3, and 7), other groups
displayed greater relative abundance in dark-phytoplankton
assemblages (MBFGs 4, 6, and 8), the clear-phytoplankton
assemblage (MBFG 2) or a transitional assemblage (MBFG 5).
Within the clear-phytoplankton assemblage, winter peaks of
MBFG 2 were common, but absent in the dark-phytoplankton
assemblages (Supporting Information Fig. S5). Mean func-
tional redundancy was highest within the dark-phytoplankton
assemblages, and the clear-assemblage demonstrated a lower
and smaller range of functional redundancy values (Fig. 7).
Combined dark-assemblage values were different from the
clear-phytoplankton assemblage (Welch’s t test, p <0.01),
though there was no significant difference between individual
dark-assemblages (1 and 2) compared to the clear-assemblage
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Fig. 3. Time series of phytoplankton relative cell density (left) and relative biovolume (right) of Bacillariophyta, Charophyta, Chlorophyta, Cyanophyta
(Cyanobacteria), Dinoflagellata (Miozoa), and Ochrophyta (chrysophytes and synurophytes). Phyla Euglenophyta and Cryptophyta were excluded from
this figure due to the low relative abundance and biomass of these taxa throughout the time series. Vertical dashed lines represent the clear- to dark-
water state shift (see Fig. 2). The first vertical solid line indicates the delayed shift from dark- to clear-phytoplankton assemblages resulting from the initial
water color state change, as determined by cluster analysis at a level of 22% similarity. The second vertical solid line indicates where the delayed shift
from clear- to dark-phytoplankton assemblages occurred in response to the transition back to a dark-water state.

(one-way ANOVA, p = 0.06). Small taxa were found to con-
tribute to a higher proportion of phytoplankton relative cell
density in the clear-phytoplankton assemblage while large
and medium taxa contributed to a higher proportion of phy-
toplankton relative cell density in dark-phytoplankton assem-
blages (Supporting Information Fig. S6).

Discussion

Phytoplankton composition, MBFGs, and seasonal
dynamics differed among and within dark- and clear-
phytoplankton assemblages, associated with interannual and
seasonal fluctuations in water color and nutrients,
supporting hypothesis H1. During dark-water states, seasonal

phytoplankton successional changes were more pronounced
and synchronized with seasonal hydrologic shifts (Hla),
whereas during the clear-water state successional changes
were dampened and mean functional redundancy decreased
(H1b). However, because clear-state functional redundancy
was not statistically distinct from individual dark states, our
hypotheses of increased ecosystem resilience in dark states
(H1la) and decreased ecosystem resilience in the clear state
(H1b) are inconclusive. Multiyear shifts in MBFGs were asso-
ciated with water color state shifts, with a stronger relation-
ship between phytoplankton assemblage and external
(hydrologic) controls in the dark states, supporting hypothe-
sis H2. We expect the weakened connection between lake
and watershed during the clear-water state reduced the
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Fig. 4. Two-dimensional NMDS ordination biplot of monthly phytoplankton taxon relative biovolume. Open circles represent the clear-phytoplankton
assemblage, while dark triangles and squares represent dark-phytoplankton assemblages 1 and 2, respectively. Vectors are provided for physicochemical
variables explaining > 30% of variance, excluding redundant variables. Vectors include Secchi disk depth (SECCHI), end-of-month total precipitation
(PPT), total phosphorus (TP), Pacific Decadal Oscillation Index (PDO), lake water stage (LWS), surface water color (PCU), surface water total nitrogen
(TN), groundwater stage (GWS), and surface water Chl a (CHLA). Dashed ellipses contain samples with > 25% compositional similarity. For specific vector

strengths of all physicochemical variables see Supporting Information Table S4.
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Fig. 5. Decomposed time series using a multiplicative model showing the
trend component of water color (solid line) and the phytoplankton assem-
blage NMDS axis 1 score (dashed line) from January 2005-December 2019.

influence of wet-dry season rainfall (Supporting Information
Fig. S2), resulting in the lack of relationship between sea-
sonal phytoplankton changes and external drivers
(Supporting Information Fig. S3).

Clear-water state conditions altered the phytoplankton
assemblage and pattern of succession observed in the prior
dark-water state through a possible twofold sequential mecha-
nism: (1) a lowered water table reduced the magnitude of allo-
chthonous inflows of nutrients and CDOC, likely allowing
for (2) an increased role of regulation by internal nutrient
loading, competition, parasitism, and predation. Without

consistent seasonal pulses of allochthonous CDOC and nutri-
ents, seasonal and interannual clear-state phytoplankton
assemblages were less repeatable year-to-year. An increase in
mean water residence time from 9.1 months in dark-water
state to 13.5 months in the clear-water state likely contributed
to the difference in the lag time in phytoplankton assemblage
response, and the quicker reversion of the phytoplankton
back to dark-phytoplankton assemblage dynamics also sug-
gests a resilience engendered by repeatable seasonal pulses of
external drivers (CDOC and nutrients). In the dark-water
states, algal priming may have contributed to increased resil-
ience of phytoplankton assemblages as algae-produced DOC
can stimulate heterotrophic decomposition of recalcitrant car-
bon, increasing inorganic nutrient availability for primary pro-
ducers (Guenet et al. 2010).

Lake hydrology and physicochemistry

Long-term data are imperative to the detection of climate
oscillations, which can influence the physicochemistry and
biology of lakes via hydrologic effects on timescales of years to
decades (Harris and Baxter 1996; Winder and Schindler 2004;
Gaiser et al. 2009b). While the AMO has previously been
shown to control CDOC fluxes in Lake Annie (Gaiser
et al. 2009b) and other Florida water bodies such as the Ever-
glades (Regier et al. 2016), Lake Annie’s hydrology (groundwa-
ter stage [GWS], lake water stage [LWS]) and water clarity were
not strongly correlated with the multidecadal signal of the
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Fig. 6. Two-dimensional NMDS ordination biplot of taxon relative biovolumes with vectors indicating MBFGs). Open circles represent the clear-
phytoplankton assemblage, while dark triangles and squares represent dark-phytoplankton assemblages 1 and 2, respectively. Dashed ellipses contain
samples with > 25% compositional similarity. MBFGs include (1) small organisms with high surface area to volume ratio, (2) small flagellated organisms
with siliceous exoskeletal structures, (3) large filaments with aerotopes, (4) medium size organisms lacking specialized traits, (5) medium to large size uni-
cellular flagellates, (6) nonflagellated organisms with siliceous exoskeletons, (7) large mucilaginous colonies, and (8) large filaments lacking aerotopes.
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Fig. 7. Boxplots showing minimum, median, and maximum functional
redundancy for dark-phytoplankton assemblage 1, clear-phytoplankton
assemblage, and dark-phytoplankton assemblage 2.

AMO over the time frame of this study. The 14-yr record of
this study may have been too short to detect any AMO driver,
as this teleconnection tends to influence Florida rainfall on
longer timescales of 65-80 yr (Enfield et al. 2001). The two
transitions in water color state from 2005 to 2019 were
strongly associated with phase transitions of the PDO (Fig. 2),
though this relationship remains strictly correlative as the
PDO switches between warm and cool phases approximately
every 20-35 yr (Winder and Schindler 2004), necessitating a
longer period of study to accurately describe the relationships
between PDO and lake hydrology.

Across a variety of ecosystems, the net impact of a distur-
bance is greatly influenced by antecedent conditions
(Holling 1973; Standish et al. 2014; Angeler and Allen 2016).
In South Central Florida, yearly precipitation shifts associated
with wet and dry seasons strongly regulate nutrient cycling
within lakes (Gaiser et al. 2009a), and lakes are believed to be
more resilient to acute system disturbances (e.g., storms and
cold-snaps) when rainfall seasonality is interannually consis-
tent (Kolding and Van Zwieten 2012; De Senerpont Domis
et al. 2013). In Lake Annie, a 2010-2011 winter cold snap
coinciding with the clear-water state prompted the coldest
January holomictic conditions on record. Though thermal sta-
bility tends to decrease with increasing water clarity (Solomon
et al. 2015), the winter cold-snap caused greater-than-expected
thermal stability in the following summer months, negating
decreased thermal-stability predicted in hypothesis H1. The
absence of strong seasonal and interannual hydrologic drivers
during the clear-water phase may have resulted in decreased
lake resilience to this cold-snap disturbance.

The implications of hydrologic regulation of Florida lakes
may be extended to other lakes throughout the world as
warming temperatures and altered precipitation patterns are
predicted to cause many lakes to shift from dimictic to mono-
mictic mixing regimes (Woolway and Merchant 2019;
Woolway et al. 2020). With reduced thermal regulation of lake
physics also comes decreased regulation of phytoplankton suc-
cession. Cold winter conditions that act as a reset to
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phytoplankton succession in dimictic lakes may become infe-
rior to seasonal fluctuations in nutrients and CDOC which
dictate succession patterns in many subtropical and tropical
lakes (Lewis 1978; De Senerpont Domis et al. 2013), including
Lake Annie. With greater variability in external inputs and
narrower seasonal temperature fluctuations, dimictic lakes and
their biota may become less resilient to disturbances and lakes
that are currently monomictic may serve as important analogs
for understanding these climate-driven changes (Porter
et al. 1996).

Despite evidence that browning suppresses primary produc-
tion in many temperate lakes (Carpenter and Pace 1997; Solo-
mon et al. 2015; Kritzberg et al. 2020), Chl a concentrations
in Lake Annie were higher during the dark- than clear-water
state, likely due to increased external nutrient inputs. It is
likely that CDOC concentrations during the dark-water state
were never great enough to limit light availability (see theoret-
ical model, Kelly et al. 2018). Though lake metabolism was
not calculated during this study, prior studies of Swedish lakes
have determined state shifts from net phototrophy to net het-
erotrophy occur around a DOC threshold of 10-11 mg L™*
(Jansson et al. 2000; Bergstrom and Karlson 2019). As Lake
Annie’s dark-water state DOC concentrations were on the cusp
of this threshold (10.5 mg L™!), concentrations of DOC may
not have been high enough to stimulate phytoplankton
mixotrophy, characteristic of many brown-water lakes
(Wilken et al. 2017; Kritzberg et al. 2020; Senar et al. 2021).
Water quality thresholds such as this may also be affected by
ecological memory—where past states influence future
responses of an ecosystem and its biota (Padisdk 1992). For
example, frequent wet-season storms may have promoted
repeatable succession in dark-phytoplankton assemblages via
seasonal resuspension of algal propagules from sediments,
along with favorable nutrient conditions for germination
(as described by Padisak 1992). Algal recruitment from the sed-
iments could have been suppressed during the low-nutrient
clear-water state, yet the quick reversion of the phytoplankton
to prior dark-phytoplankton assemblage dynamics following
increased nutrients and DOC further supports ecological
memory of antecedent conditions (Padisak 1992). Phytoplank-
ton may therefore help maintain dark-water state conditions
or contribute to resilience via timed seasonal reoccurrence and
amplification of favorable traits.

Phytoplankton assembly and function

A total of 279 taxa from 8 algae phyla were identified from
Lake Annie over the course of this study (Supporting Informa-
tion Table S1), many of which are unique to subtropical and
low-nutrient water bodies. A notable increase in desmid rich-
ness occurred during the clear state, with nearly 100 desmid
species identified. As local desmid extinctions become a wide-
spread phenomenon (Hansen et al. 2018), low-nutrient, acidic
water bodies like Lake Annie may become important refugia
for these rare and sensitive taxa. Overall, phytoplankton
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assemblage analyses were supportive of our hypotheses,
suggesting phytoplankton remain a valuable metric in the
assessment of ecosystem resilience due to their acute sensitiv-
ity to environmental change (Reynolds et al. 2002).

The structural differences among dark- and clear-
phytoplankton assemblages in Lake Annie were best described
by MBFGs which prioritize the relationship of species pheno-
typic traits rather than taxonomic linkages (Kruk et al. 2010;
Supporting Information Fig. S5). The largest change in assem-
blage between states was the unusually low abundance of dia-
toms (MBFG 6) in the clear-phytoplankton assemblage,
comprising a mean 2% of total biovolume compared to 42%
in the dark-phytoplankton assemblages. At least one other
study has found prolonged low abundance of diatoms associ-
ated with a period of drought and low runoff, likely caused by
altered nutrient availability or parasitism, as dissolved reactive
silica (DRSi) was ample (Carey et al. 2016). In Lake Annie,
DRSi depletion cannot be ruled out as the cause of the near-
disappearance of diatoms because DRSi concentrations were
not measured; however, it is unlikely that silica was
completely depleted because there was a corresponding
increase in the abundance of silica-scaled synurophytes
(MBFG 2) when diatoms were sparse. Most diatoms prioritize
cellular division over energy storage, so populations are rarely
maintained during periods of prolonged silica depletion. In
contrast, synurophytes can store physiologically active silicate
in excess during periods of severe DRSi depletion, and thus
their growth is only influenced by long-term exhaustion
(Klaveness and Guillard 1975; Sandgren et al. 1996). If ambi-
ent DRSi concentrations were low in Lake Annie during the
clear-phytoplankton assemblage, it is possible that syn-
urophytes were able to outcompete common larger diatoms.

Smaller diatoms (e.g., Aulacoseira tenella) that have similar
silica content to synurophytes (Klaveness and Guillard 1975)
were likely underrepresented in this study as all samples were
collected with a 20-um plankton net. Though synurophytes
are also in the nanoplankton size range, colonial arrange-
ments (Synura spp.) and the presence of spines (Mallomonas
spp.) may have prevented their underestimation in net tows.
Smaller species made up a larger proportion of the clear-
phytoplankton assemblage (Supporting Information Fig. S6)
including the desmid Cosmarium pseudotaxichondrum v. scotti
and small colonial cyanobacteria such as Merismopedia spp.
The greater surface area to volume ratio of small cells is associ-
ated with increased uptake efficiency of limiting nutrients,
and consequently may make them superior competitors for
phosphorus during periods of decreased nutrient loading due
to drought (Harris and Baxter 1996) or a return to oligotrophic
conditions (Litchman et al. 2007; Anneville et al. 2018). Small
taxa can therefore promote internal feedbacks where high
nutrient uptake affinity aids in the maintenance of low-
nutrient conditions (Litchman et al. 2007). Increased abun-
dances of small diatoms such as Discostella stelligera have also
been recorded in warming lakes where winter mixing depths
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are decreased (Saros et al. 2016), but because there were no
strong differences in stratification length or thermocline
depth during the stratified period in Lake Annie between dark
and clear states, assemblage shifts were likely driven by hydro-
logically regulated changes in light and nutrient availability,
and less so by temperature (De Senerpont Domis et al. 2013).

In Lake Annie, dinoflagellates showed no strong preference
for clear- or dark-water states, though mixotrophic Dinobryon
species were more common in clear-phytoplankton assem-
blages suggesting carbon deficiencies were the primary driver
of Dinobryon presence rather than light scarcity. Although
more commonly reported in brown-water lakes (Jones 2001;
Wilken et al. 2017; Senar et al. 2021), mixotrophic dinoflagel-
lates and chrysophytes are also common in lakes with persis-
tent clear-water states (Lydén and Grahn 1985; Deininger
et al. 2017), where nutrient supplies are suppressed but bacte-
ria still serve as a valuable carbon source (Bird and Kalff 1987;
Findlay et al. 2001). In the clear-phytoplankton assemblages
when diatoms were in very low abundance, succession was
less repeatable across years, but always began with a late win-
ter or early spring peak of Ochrophytes, usually Synura
petersenii  (Supporting Information Fig. S5b). While spring
silicoflagellate blooms are common in oligotrophic lakes
(Sommer et al. 1986), the absence of any apparent diatom sea-
sonality is unusual and may have contributed to the lack of
repeatability of these trends.

The near disappearance of diatoms in the clear-water state
may have also contributed to greater evenness among
remaining functional groups, leading to greater-than-expected
mean functional redundancy in the clear-water state. While
the Ricotta et al. (2016) method has been widely used to assess
functional redundancy across a variety of flora and fauna, we
did not find any explicit use of this method for phytoplank-
ton assemblages. Typically, absolute abundance data are used
in functional redundancy analyses of plant and animal com-
munities but because phytoplankton cell sizes vary consider-
ably, functional units (e.g., colonies, filaments, or unicells)
rather than cells may be a more appropriate representation of
a given species’ contribution to a functional group (see Kruk
et al. 2017). This corrects for an overestimation of the func-
tional contribution of small cells which are more heavily
weighted in an absolute abundance analysis. Due to ease of
use and interpretation, we are hopeful the Ricotta et al. (2016)
method can be applied in future works assessing lake ecosys-
tem resilience with the suggested modifications toward phyto-
plankton communities.

Conclusions

In temperate lakes, browning generally causes disruptions
to archetypal phytoplankton successional dynamics (Wilken
et al. 2017; Kritzberg et al. 2020) yet in Lake Annie, seasonal
phytoplankton dynamics depend on the pulses of CDOC and
nutrients driven by seasonal wet-dry hydrology to maintain
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assemblage stability. Duration and intensity of hydrologic
alterations may result in short-term (Harris and Baxter 1996;
Carey et al. 2016) or long-term changes in phytoplankton
assemblage (Kamenir et al. 2004), therefore studying lakes
with oscillating periods of clear- and dark-water states provides
a unique insight into phytoplankton responses—and possibly
feedbacks—to cyclical regime shifts.

Over the course of this study (October 2005-December
2019), Lake Annie fluctuated between dark- and clear-water
states, largely driven by groundwater levels. When GWS was
high (dark-water states), the influence of wet-dry season
hydrology was strong and phytoplankton succession was
more repeatable year to year with patterns similar to those
described in many temperate dimictic lakes (Sommer
et al. 1986). The strong and predictable seasonality of abiotic
changes (CDOC and nutrients) during dark-water states facili-
tated the rapid recovery of a dark-water phytoplankton assem-
blage exhibiting anticipated succession patterns after
transitioning from a prior clear-water assemblage. When GWS
was low (clear-water state), the lack of strong external seasonal
pulses of CDOC and nutrients reduced predictable succession
in the clear-phytoplankton assemblage, which was likely more
highly regulated by competition (e.g., small taxa with better
nutrient uptake efficiency) and possibly predation.

By metrics of functional redundancy and multivariate ana-
lyses, we believe stronger, seasonally consistent hydrologic
controls promoted greater ecosystem resilience in Lake Annie
during dark-water states. In browning lakes, assessment of
phytoplankton assembly could serve as an important tool in
detecting the direct and indirect consequences of DOC shifts
on lake resilience. In addition, as rainfall variability continues
to increase under a warming climate (Pendergrass et al. 2017),
subtropical lakes that are already strongly influenced by
regional hydrology could serve as important analogs for the
potential responses of dimictic lakes as they transition to
monomictic thermal regimes (Porter et al. 1996; Woolway and
Merchant 2019; Woolway et al. 2020).
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