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ABSTRACT 

Nutrient tipping points may be indicative of the point (i.e., nutrient concentration) at which there 

is a fundamental change in the way phytoplankton respond to further increases in nutrient 

loading.  The ecological implication is that phytoplankton community processes and functions 

may shift from one state to another alternate state at tipping points.  Nutrient concentration 

tipping points for the total phytoplankton community as well as individual phytoplankton groups 

in response to increases in dissolved inorganic nitrogen (DIN) concentrations were determined 

for two different estuarine systems, the low (2 – 4) salinity Winyah Bay and the high (22 – 36) 

salinity North Inlet Estuary.  Phytoplankton were exposed to increasing N addition scenarios (0 – 

100 µmol DIN l-1) under two irradiance exposure conditions.  Response trajectories for the total 

phytoplankton community, group diversity, and individual algal groups were determined after 72 

h incubations in experimental bioassays.  Phytoplankton from the low salinity estuary exhibited 

higher DIN tipping points (> double) than those of the high salinity estuary while irradiance 

(20% vs. 40% of ambient) did not affect tipping points. Our results suggest that ambient nutrient 

concentrations should not exceed nutrient tipping point concentrations to prevent possible shifts 

from one ecological state to another. Conservative estimates for maximum DIN concentrations 

for the high salinity estuary would be ca. 25 µmol l-1 and ca. 50 µmol l-1 for the low salinity 

estuary.  These levels should be below the threshold for major alterations in phytoplankton 

community structure and function in these two estuarine systems.  

 

  



INTRODUCTION 

Fixed nitrogen (N) is usually the primary nutrient controlling or "limiting" estuarine and coastal 

phytoplankton primary production (Nixon 1995; Dame et al. 2000; Pinckney et al. 2001a). 

Anthropogenically-generated N compounds from agricultural, urban, and industrial expansion 

are key drivers of accelerating eutrophication by phytoplankton in N-sensitive waters (Nixon 

1995; Vitousek et al. 1997; Bricker et al. 1999; Paerl et al. 2003; Bricker et al. 2008; Paerl et al. 

2014). Development, agriculture, and a growing human population in the coastal zone has 

resulted in a general decline in water quality in nearby estuaries (Bricker et al. 1999). Concerns 

about this decline have led to the need to determine criteria to ensure acceptable water quality 

conditions for both biota and recreational uses (GASCET 2015).  Consequently, state 

management agencies have been tasked with establishing nutrient criteria for impacted aquatic 

systems.  A major component of numeric nutrient criteria modeling is the understanding of the 

quantitative relationship between nutrient loading and phytoplankton productivity responses, in 

terms of both total biomass and community composition (GASCET 2015). 

An ecological tipping point or threshold can be defined as a bifurcation between alternate states 

that results in a system changing to a different state (Huggett 2005).  These points are signals for 

a system rapidly changing from one condition to another due to a relatively small perturbation or 

minor trigger (Scheffer et al. 2012; Lenton 2013).  Tipping points may be caused by a reduction 

in ecosystem resilience, resulting in regime shifts, loss of functional group diversity, and critical 

transitions (Holling 1973; Scheffer et al. 2001; Folke et al. 2004; Lenton 2013).  Alterations in 

some control parameter frequently results in a qualitative change in steady state after passing the 

tipping point (Lenton 2013).  Systems that exhibit multiple stable states or alternate states 

frequently have distinct tipping points (Scheffer et al. 2001; Folke 2004; Lenton 2013).  In 



addition, regime shifts in many ecosystems are preceded by a tipping point (de Young et al. 

2008; Vanacker et al. 2015).  A common consequence of these changes is that the system shifts 

from a desired to less desired state in its capacity to generate ecosystem services (Folke et al. 

2004).  In many cases, these regime shifts appear to be irreversible (Folke et al. 2004).  In the 

current study, we define a tipping point as the nutrient concentration at which there is a 

significant change in the trajectory (i.e., the slope of the response) of phytoplankton biomass and 

community composition responses to increasing nutrient concentrations.  The response 

(trajectory change) following a tipping point may be either a marked increase or decrease in the 

rate of change in diversity or algal group abundance with increasing nutrient concentration. 

Thus, tipping points identified in this study are indicative of the point (i.e., nutrient 

concentration) at which there is a fundamental change in the way that phytoplankton respond to 

further increases in nutrient concentrations.  The ecological implication is that the phytoplankton 

community processes and functions have possibly shifted from one state to another alternate 

state.    

Predicting tipping points in complex environmental systems using empirical data is difficult due 

to the large number of species and interactions, the stochastic nature of ecosystems and their 

drivers, and initial conditions (Scheffer et al. 2012; Lenton 2013; Moore 2018).  However, 

phytoplankton communities are good systems to use for empirical determinations of tipping 

points due to their relatively rapid response times (days) and sensitivity to environmental 

alterations (Glibert et al. 2014; Vanacker et al. 2015).  Knowledge of tipping points can be useful 

for establishing and prioritizing biodiversity conservation and natural resource management 

targets and actions (Huggett 2005). 



Chlorophyll a (chl a), the primary photosynthetic pigment in microalgae, provides a surrogate 

measure of phytoplankton biomass that is commonly used to indicate the designated endpoint for 

aquatic community structure and function.  Water quality regulatory criteria rely almost 

exclusively on this relatively arbitrary bulk measure of phytoplankton biomass (i.e., chl a).  

Typically, concentration thresholds for water quality management are set at >20 µg chl a l-1 (Van 

Meerssche and Pinckney 2019). However, criteria based on the ecological characteristics of the 

phytoplankton community offer a more valid, process-based approach for managing water 

quality.  In particular, the identification of nutrient tipping points for chl a, diversity, and 

individual algal groups may better characterize phytoplankton responses to changes in limiting 

nutrient concentrations. 

Previous research in Winyah Bay and North Inlet Estuary (Fig. 1) indicates that the waters of the 

bay and estuary are consistently N-limited with respect to phytoplankton growth (Ranhofer et al. 

2009; Richardson et al. 2009; Gilde and Pinckney 2011; Allen et al. 2014; Kline and Pinckney 

2014; Reed et al. 2016; Pinckney et al. 2017).  Although turbid, with periodically high 

concentrations of humics, phytoplankton growth is likely not light-limited due to the high 

vertical mixing rates driven by tides and winds in the generally shallow waters (< 4 m) of the bay 

(Yoder and Bishop 1985; Cloern 1987; Alpine and Cloern 1988; Mallin and Paerl 1992).  Thus, 

the concentration of fixed N in this estuary is most likely the major control of phytoplankton 

concentrations and should be the primary target in the development of numeric nutrient criteria 

for these systems (Van Meerssche and Pinckney 2019).   

The present study uses a quantitative, empirical approach for predicting the magnitude of 

phytoplankton group-specific (i.e., diatoms, cyanobacteria, dinoflagellates, chlorophytes, etc.) 

responses to a range of nutrient loading conditions. In addition to the applied utility of this study 



for water quality management, our results are novel in that we determine nutrient response 

tipping points for a natural phytoplankton assemblage in terms of total biomass (chl a) and group 

diversity as well as for individual algal groups within the assemblage.  This approach allows the 

resolution of the responses of different phytoplankton groups within a mixed natural assemblage.  

We are unaware of any other published studies quantifying estuarine tipping points for different 

algal groups in natural estuarine phytoplankton assemblages. 

Our primary objective was to determine nutrient concentration tipping points for the total 

phytoplankton community as well as individual phytoplankton groups in response increases in 

total N concentrations.  Experimental bioassays of natural phytoplankton communities were 

exposed to increasing N concentration scenarios under both high and low light exposure 

conditions to quantify phytoplankton response trajectories. The goal of the study was to provide 

phytoplankton tipping points for consideration in nutrient management strategies for Winyah 

Bay and North Inlet Estuary and offer a “proof of concept” approach for determining 

ecologically based water quality criteria in similar estuarine systems.   

 

MATERIALS AND METHODS 

Study Location 

North Inlet Estuary is a relatively undisturbed (by local anthropogenic factors) euhaline (25 – 40) 

bar-built system that receives limited freshwater input (ca. 1 – 5 m3 s-1) from a small protected 

watershed (3800 ha) (Gardner et al. 2006; Allen et al. 2014)(Fig. 1).  Semidiurnal tides average 

1.5 m and ca. 70% of the water volume in the estuary is exchanged with each tide, leading to a 

hydrodynamic turnover of ca. 15 h (Kjerfve 1986; Allen et al. 2014).  The 33 km2 estuary is 



composed of an extensive tidal creek system bordered by the saltmarsh cordgrass Sporobolus 

alterniflorus (Spartina alterniflora). Sediments are primarily muddy sand and intertidal oyster 

(Crassostrea virginica) reefs are common.  

Winyah Bay is the third largest estuary on the east coast of the US based on the 4.7 million ha 

forested and agricultural watershed area (Fig. 1). The Pee Dee, Black, and Sampit Rivers merge 

with the Waccamaw River to form the bay.  The estuary, which is ca. 30 km long and varies in 

width from 1 to 7 km, has a surface area of 15,500 ha and a mean depth of 4.2 m.  An 8.2 m deep 

ship channel extends from the Port of Georgetown to the jetties at the mouth of the bay.  Winyah 

Bay is a Class B, partially-mixed drowned river valley estuary with a mean annual riverine input 

of 450 m3 s-1.  During storm and flood conditions, inputs may exceed 7,800 m3 s-1.  The average 

tidal range in the lower bay is 1.4 m and decreases to 1.2 m 18 km up the bay.  Surface current 

velocities often exceed 2 m s-1 and facilitate strong vertical and horizontal mixing of the water 

column.  Salinity varies from near 0 at the tidal freshwater river mouths to 36 at the bay entrance, 

resulting in a salinity gradient that changes with tidal stage and meteorological conditions.  

Winyah Bay is relatively impacted by anthropogenic activities (Bergquist et al. 2009; Allen et al. 

2014).  Extensive agriculture in its watershed accounts for total nitrogen concentrations that are, 

on average, double that of North Inlet Estuary (Buzzelli et al. 2005; Table 1).     

Bioassays 

Ten nutrient addition bioassays were conducted in May, June, July, November in 2018 and 

February and April of 2019 (Table 1).  Phytoplankton-nutrient responses were measured using 

bioassays of natural phytoplankton communities collected in North Inlet Estuary at Clambank 

Landing (33.3339° N, 79.1930° W; CB site) and in Winyah Bay (33.3094° N, 79.2888° W; WB 

site) (Fig. 1).  Salinities at CB ranged from 22 - 36 compared to 2 – 4 at WB, depending on 



sampling date (Table 1).  Surface water (0.5 m depth) from both locations was dispensed into 

250 ml clear polystyrene culture flasks (VWR, cat. # 10062–862) for the bioassays.   

The fixed nitrogen (N) treatment for the bioassays consisted of a range of concentrations (1 – 

100 µmol total N l-1 additions in increments of 5 to 10 µmol N l-1) and were composed of an 

equimolar mixture of nitrate (NO3
-), ammonium (NH4

+), and urea (CO(NH2)2) to simulate the 

various types of N compounds likely available in the estuaries.  Phosphate (as orthophosphate, 

PO4
3-) was added to all treatments in a ratio of 4N:1P to prevent P limitation or co-limitation. 

Controls consisted of sample water without any addition of nutrients.  Inorganic nutrients (N, P) 

and total N were measured at the initiation the bioassays to calculate actual N exposure levels 

(Table 1).   

The flasks were submerged in temperature (ambient) controlled, flowing water tables and 

incubated for 72 h at 40% (high light) or 20% (low light) of ambient solar irradiance (Table 1).  

Light levels were achieved by shading the water tables with gray fiberglass neutral density 

screen.  The nutrient treatment levels and controls consisted of 5 replicates.  Thus, each bioassay 

consisted of 125 measurements of phytoplankton biomass and community composition over a 

range of nutrient conditions. At the end of the incubations, samples were vacuum (-50 kPa) 

filtered onto 2.5 cm GF/F glass microfiber filters and stored at -80˚C.   

Nutrient Analyses 

Nutrient concentrations were measured in the incubation water to determine ambient 

concentrations and thereby quantify the exact N loading levels for the bioassays.  Filtered (0.2 

µm) samples were analyzed for total nitrogen (TN), total phosphorus (TP), orthophosphate 

(PO4
3-), nitrate + nitrite (NO-

2+3), and ammonium (NH4
+) using a Seal Analytical nutrient 



AutoAnalyzer3.  The TN and TP method was based on an alkaline potassium persulfate 

oxidation procedure (SM 4500-N C; Eaton et al. 2005) that converts all N in the sample to nitrate 

(NO3
-) and all P to orthophosphate (PO4

3-). SM 4500-N C was developed for the digestion of a 

whole or filtered water sample for the determination of N alone. However, its efficacy for the 

digestion of both total N and P is well-proven (Valderrama 1981, Gross & Boyd 1998).  

Concentrations of dissolved organic nitrogen (DON) and phosphorus (DOP) were calculated by 

difference between total and inorganic fractions, as determined by autoanalyzer.  The basic 

analytical methods used for the determination of inorganic N were Standard Methods 4500-NH3 

G, 4500-NH3 F, 4500-NO3
- E, 4500-NO3- F (Eaton et al. 2005).  The basic analytical methods 

used for the determination of inorganic P were Standard Methods 4500-P E and 4500-P F.  

Modifications of these methods included the recommendations of Loder (1978) for small sample 

volumes and Glibert et al. (1977) for samples in a saltwater matrix.  

Phytoplankton Analyses 

Phytoplankton photopigment concentrations were measured using HPLC (Roy et al. 2011).  

Filters were lyophilized for 24 h at -50 °C and extracted with 750 µL of 90% aqueous acetone 

solvent, followed by storage for 24 h at -20°C.  Filtered (0.4 µm) extracts were injected (250 µL) 

into a Shimadzu HPLC with a single monomeric column (Rainin Microsorb, 0.46 × 1.5 cm, 3 

µm packing) and a polymeric (Vydac 201TP54, 0.46×25 cm, 5 µm packing) reverse-phase C18 

column in series.  A non-linear binary gradient consisting of solvent A (80% methanol : 20% 0.5 

M ammonium acetate) and solvent B (80% methanol : 20% acetone) was used for the mobile 

phase (Pinckney et al. 2001b). Absorption spectra and chromatograms (440 ± 4 nm) were 

obtained at 2 second intervals using a Shimadzu SPD-M10av photodiode array detector and 

pigment peaks were identified by comparing retention times and absorption spectra with pure 



standards (DHI, Denmark).  The synthetic carotenoid β-apo-8’-carotenal (Sigma 10810) was 

used as an internal standard.  QA/QC procedures are outlined in Hooker et al. (2010).  

The software ChemTax (v. 1.95) was used to determine the relative concentrations of major 

phytoplankton groups based on measured photopigment concentrations (Pinckney et al. 2001b;  

Higgins et al. 2011). This procedure partitions total chl a into the contribution of different algal 

groups (e.g., diatoms, cyanobacteria, dinoflagellates, etc.).  A two-step cluster analysis procedure 

based on log-likelihood distance measures of photopigment variables was used to define 

homogeneous groups for separate bins for ChemTax analyses (SPSS v. 26) (Higgins et al 2011). 

Cluster analysis identified 3 separate clusters of 756 (60.5%), 253 (20.3%), and 241 (19.2%) 

samples each.  The five most important pigments for discriminating clusters were, in order from 

highest to lowest, alloxanthin, chlorophyll c2, fucoxanthin, 9’ cis-neoxanthin, and violaxanthin. 

Bioassay samples were examined by qualitative microscopy to confirm algal groups included in 

the ChemTax analysis.  The initial pigment ratio matrix used for this analysis was a combination 

of matrices provided by Mackey et al. (1996), Lewitus et al. (2005), and Schlüter et al. (2000) 

(Supplements 1 - 3).  The initial ratio matrix randomization procedure outlined by Higgins et al. 

(2011) was used to minimize errors in algal group biomass due to inaccurate pigment ratio seed 

values.  ChemTax provided estimates of the relative concentrations of major algal groups (e.g., 

chlorophytes, cryptophytes, cyanobacteria, diatoms, dinoflagellates, etc.) in units of µg chl a l-1.   

Group Diversity Index 

Phytoplankton group diversity was calculated using the Shannon-Wiener diversity index (H’) 

(Krebs 1999; Clarke and Gorley 2001), 

𝐻′ = − ∑ 𝑝𝑖 ln𝑒 (𝑝𝑖) 



where pi is the proportion of the total group abundance (concentration of algal group in units of 

µg chl a l-1) from the ith group.  Seven algal groups were used for diversity calculations 

(chlorophytes, cryptophytes, cyanobacteria, diatoms, dinoflagellates, euglenophytes, and 

prasinophytes) based on qualitative microscopic examinations of samples. 

Tipping Point Analyses 

Tipping points in phytoplankton vs. dissolved inorganic nitrogen (DIN; NO2
- + NO3

- + NH4
+) 

concentration plots were determined using the segmented R package (Muggeo 2008; Vanacker et 

al. 2015; R Core Team 2019).  This analysis uses broken-line linear regression models to 

determine relationships between the response variable (phytoplankton diversity, biomass, or 

group concentrations) and an explanatory variable (DIN concentration).  Two or more lines are 

connected at unknown values referred to as breakpoints (e.g., tipping points).  The result of the 

analysis is two or more slope parameters and breakpoint(s) where the linear regression 

relationship changes.  The breakpoint (and standard error of the point) is estimated by assessing a 

relevant gap and a ‘difference in slope’ coefficient in the linear predictor (Vanacker et al. 2015).  

If there is no breakpoint, the difference in slope parameter is 0 and the result is a single linear 

regression equation.  A complete discussion of this statistical method is detailed in Muggeo 

(2008).  

 

RESULTS 

Total Phytoplankton Biomass 

Scatterplots of total phytoplankton biomass (chl a) vs. concentrations of DIN additions were 

analyzed to identify tipping points for the community.  For the CB site, DIN tipping points 



ranged from 8.9 to 64.8 µmol DIN l-1 (Table 2, Fig. 2).  The medians for the high and low 

irradiance exposures were 16.6 and 26.2, respectively (Table 3).  Response trajectories were 

generally rapidly increasing up to the tipping points, then showed a range of positive, negative, 

or no change after the tipping point, depending on the bioassay date and exposure irradiance.   

Similarly, tipping points ranged from 36.9 to 93.6 µmol DIN l-1 for the WB site, with high and 

low irradiance medians of 63.3 and 39.7, respectively (Fig. 3, Table 3). Response vectors were 

also variable between bioassay dates and irradiance levels.  A comparison of tipping point 

estimates for pooled high vs. low salinities and irradiances indicated that, although the tipping 

points at the WB site appeared somewhat higher, they were not different (Kruskal-Wallis one-

way ANOVA, Χ2
3df = 7.06, p = 0.070) (Fig.4).  Likewise, the tipping points for the paired high 

vs. low irradiance exposures were not different (Paired Sample Wilcoxon Signed Ranks Test, Z 

= 0.237, p = 0.813).  However, when the high and low irradiance treatments were pooled for 

each site, the WB site had higher DIN tipping point values than the CB site (Mann-Whitney U 

test, U = 12, Z = -2.49, p = 0.013).  For the WB site, the median DIN tipping point was 49.4 

µmol DIN l-1 compared to 20.3 for the CB site. 

Phytoplankton Community Composition 

The concentrations of photopigments were processed with ChemTax to determine the relative 

concentrations of 7 algal groups (Supplements 1 - 3). The phytoplankton community 

composition at the initiation (i.e., time 0) of the bioassays for the respective sampling dates and 

locations are provided in Figs. 5 and 6.  Diatoms were consistently the most abundant 

community component for all bioassays.  Other groups were present at low concentrations, 

typically in the range of 0 to 2 µg chl a l-1. 



Algal Group Diversity 

The Shannon group diversity index was calculated for experimental treatments in each of the 

bioassays using the ChemTax-derived algal group concentrations (Table 2).  Tipping points 

could not be resolved for 2 of the 6 bioassays conducted for the CB site.  For those that were 

determined, the DIN tipping points ranged from 13.9 to 55.4 µmol DIN l-1, with high and low 

irradiance medians of 36.2 and 18.7, respectively (Fig. 7, Table 3).  Following tipping points, 

group diversity trajectories showed high variability in both magnitude and direction, depending 

on bioassay date and irradiance level.   

For the WB site, tipping points ranged from 25.2 to 91.8 µmol DIN l-1 with high and low 

irradiance medians of 66.4 and 46.0, respectively (Fig. 8, Table 3). Group diversity changes after 

tipping points were also variable depending on the bioassay date and irradiance level. DIN 

tipping points for group diversity were not different between the two sites (Kruskal-Wallis one-

way ANOVA, Χ2
3df = 3.81, p = 0.283) or when high light vs. low light paired samples were 

compared (Paired Sample Wilcoxon Signed Ranks Test, Z = 1.468, p = 0.156) (Fig. 8). 

However, there was the hint of a trend toward higher DIN tipping points for the WB site.   

Algal Groups 

Chlorophytes – DIN tipping points for chlorophytes ranged from 9.3 to 59.1 µmol DIN l-1 for the 

CB site and from 66.4 to 93.5 µmol DIN l-1 at the WB site (Table 2, Fig. 9). The WB site had 

higher DIN tipping points (Kruskal-Wallis one-way ANOVA, Χ2
3df = 12.77, p = 0.005). Median 

DIN tipping points for the pooled data for the CB site were 27.3 (high irradiance) and 38.8 (low 

irradiance) (Table 3).  For the WB site, medians were 72.8 and 72.4 for high and low irradiances, 

respectively (Table 3).  A paired comparison of high vs. low irradiance exposures for each 



bioassay also indicated that there was no effect of irradiance on the DIN tipping points (Paired 

Sample Wilcoxon Signed Ranks Test, Z = 1.468, p = 0.156).   

Cryptophytes – Cryptophyte DIN tipping points ranged from 9.5 to 61.5 (medians = 36.8 and 

32.4 for high and low irradiances, respectively) at the CB site (Tables 2, 3).  At the WB site, 

values ranged from 37.9 to 78.2 (medians = 75.0 and 47.9 for high and low irradiances, 

respectively).  DIN tipping points were not significantly different for the 2 sites and 2 irradiance 

levels (Kruskal-Wallis one-way ANOVA, Χ2
3df = 6.22, p = 0.102).  However, graphical analysis 

suggests that, like the chlorophytes, DIN tipping points tended to be higher at the WB site (Fig. 

9).  An analysis of the paired incubation irradiances indicated that the DIN tipping points were 

higher in the high irradiance exposures (Paired Sample Wilcoxon Signed Ranks Test, Z = 2.141, 

p = 0.032).   

Cyanobacteria – Median tipping points for high and low irradiance exposures were 29.5 and 

27.6 µmol DIN l-1 at the CB site and 57.5 and 40.9 at the WB site, respectively (Table 3).  

Tipping points ranged from 7.3 to 83.3 µmol DIN l-1 for all bioassays (Table 2).  Tipping points 

at the WB site were marginally lower than those for the CB site (Kruskal-Wallis one-way 

ANOVA, Χ2
3df = 7.81, p = 0.050) and paired-comparisons of irradiance exposures indicated that 

tipping points were lower in the low irradiance treatments (Paired Sample Wilcoxon Signed 

Ranks Test, Z = 2.097, p = 0.036)(Fig. 9).   

Diatoms – Diatoms were the most abundant group of phytoplankton in all of the bioassays, often 

comprising > 75% of the total phytoplankton chl a.  At the CB site, DIN tipping points ranged 

from 8.6 to 58.5 µmol DIN l-1 compared to 36.9 to 85.8 at the WB site (Fig. 9, Table 2).  Paired 

comparisons of high vs. low irradiance tipping points were not different (Paired Sample 

Wilcoxon Signed Ranks Test, Z = 1.262, p = 0.211).  Pooled tipping points were also not 



different (Kruskal-Wallis one-way ANOVA, Χ2
3df = 5.14, p = 0.162), but also showed the trend 

of higher tipping points for the WB site (Fig. 7).  Median tipping point values for high and low 

irradiance exposures for the CB site were 33.7 and 32.5 vs. 63.3 and 39.6 for the WB site, 

respectively (Table 3).   

Dinoflagellates – DIN tipping points ranged from 6.3 to 81.4 for all the bioassays (Fig. 9, Table 

2) and there was no difference between the treatment levels (Kruskal-Wallis one-way ANOVA, 

Χ2
3df = 2.02, p = 0.569).  Median tipping point values for the CB site and high and low irradiance 

exposures were 39.1 and 40.4 µmol DIN l-1, respectively compared to 54.2 and 49.1 at the WB 

site (Table 3).  Tipping points in paired high and low irradiance exposure samples were also not 

different (Paired Sample Wilcoxon Signed Ranks Test, Z = 0.490, p = 0.624).  

Euglenophytes – For euglenophytes, the DIN tipping points ranged from 5.8 to 53.4 µmol DIN l-

1 at the CB site.  In comparison, the range for the WB site was 39.7 to 93.7 (Table 2).  Tipping 

points were different for the 4 treatments (Kruskal-Wallis one-way ANOVA, Χ2
3df = 10.54, p = 

0.015).  A posteriori comparisons identified two homogeneous groups: 1) CB - high irradiance, 

WB - high irradiance, and WB – low irradiance and 2) CB – high irradiance and CB – low 

irradiance (Bonferroni, p < 0.05)(Fig. 9).  Median values for DIN tipping points at the CB sites 

were 42.5 (high irradiance) and 20.4 (low irradiance).  At the WB site, medians were 66.6 and 

54.5 for high and low irradiances, respectively (Table 3).  Comparisons of paired high vs. low 

irradiance exposures were not different (Paired Sample Wilcoxon Signed Ranks Test, Z = 1.190, 

p = 0.234).   

Prasinophytes – At the CB site, DIN tipping points ranged from 9.5 to 55.2 µmol DIN l-1 

compared to 34.2 to 93.7 at the WB site (Fig. 9, Table 2).  The 4 treatment levels had different 

DIN tipping points (Kruskal-Wallis one-way ANOVA, Χ2
3df = 8.97, p = 0.030)(Fig. 7).  Two 



homogeneous groups were identified in the a posterior comparisons: 1) WB – high irradiance 

and WB – low irradiance and 2) CB – high irradiance, CB – low irradiance, and WB – low 

irradiance. DIN tipping point median values for the CB site were 19.6 and 26.6 for high and low 

irradiances, respectively (Table 3).  At the WB site, medians were 26.6 and 55.7 µmol DIN l-1 

for high and low irradiances, respectively.  Paired comparisons of high vs. low irradiance 

exposures revealed no difference in DIN tipping points for the respective treatments (Paired 

Sample Wilcoxon Signed Ranks Test, Z = 0.850, p = 0.933).   

Algal Group Tipping Points Comparisons 

DIN tipping points for all 7 algal groups were compared after pooling the high and low 

irradiance responses for each bioassay using a Kruskal-Wallis one-way ANOVA.  Tipping points 

were not different between algal groups for either the CB (Χ2
5df = 2.66, p = 0.085) or WB (Χ2

3df 

= 6.95, p = 0.326) sites, likely due to the high variability in nutrient responses.  However, 

pooling all 7 groups for each site, DIN tipping points were higher at the WB site compared to the 

CB site (Χ2
1df = 36.50, p < 0.001).  As a final summary, DIN tipping points were pooled (i.e., 

high & low irradiance exposures, all dates, all groups) to provide potential target values for 

nutrient management strategies (Table 4). 

 

DISCUSSION 

Tipping points have a variety of definitions (Holling 1973; Scheffer et al. 2001; Folke et al. 

2004; Lenton 2013).  In this study, we defined an ecological tipping point as the nutrient 

concentration (DIN) at which there is a significant change in phytoplankton biomass and group 

diversity responses to increasing nutrient concentrations (i.e., a change in the response 



trajectory). Responses varied, sometimes with a decrease in the slope of the fitted line while at 

other times the slope increased.  In some cases, the slope was 0 following the tipping point, 

indicating a steady state.  Regardless of direction and magnitude, the tipping point signaled a 

change in the response trajectory that resulted in alterations of community structure and, by 

extension, function. The implications for nutrient management are that these tipping points 

represent critical values for the determination of water quality nutrient criteria based on 

fundamental changes in phytoplankton responses to nutrient loading. 

For our application, tipping point analysis is somewhat analogous to nutrient uptake curves.  In 

curve uptake kinetics, there should be some point at which the uptake rate is maximized and the 

specific nutrient uptake rate remains constant for increasing concentrations (e.g., Vmax).  

However, our data show responses that, in general, do not follow traditional nutrient uptake 

kinetics.  Our approach also differs in that we examine whole community responses to increased 

nutrient loading.  As such, the measured responses of the natural community bioassays include 

other important contributing factors such as inter- and intraspecific competition, zooplankton 

grazing, and bacterial uptake.  System manipulations using bioassays of natural assemblages 

offer a much more realistic, ecologically-based, appraisal of how phytoplankton communities are 

likely to respond to increased nutrient loading and eutrophication.  

Short-term (72 h) experimental bioassays, using natural communities exposed to in situ 

environmental conditions, allow the detection of changes in phytoplankton photophysiology, 

metabolism, and community structure in response to manipulations (Gilde and Pinckney 2011; 

Kline and Pinckney 2014; Pinckney et al. 2017).  The approach described in this study represents 

a realistic appraisal of the potential ecological impacts and risk assessments of DIN loading in 

estuarine ecosystems (Couture et al. 1989; Clements and Kiffney 1994; Bonilla et al. 1998).  



Ecologically-based assessments of nutrient exposures on phytoplankton biomass and community 

composition should be a primary consideration when developing nutrient criteria for estuaries.  

Furthermore, the experimental methodologies used in this study could be applied to other 

estuarine systems.   

As expected in this study, phytoplankton community biomass usually increased with increasing 

DIN loading.  Our primary interest was in how the nature of the response changed as DIN 

concentration increased. Total biomass (as chl a) responses to increasing nutrient concentrations 

showed quantifiable tipping points, where biomass increased up to the tipping point.  However, 

responses following tipping points were highly variable and essentially unpredictable.  These 

results illustrate the inherent unpredictability of algal group concentration changes in 

phytoplankton-nutrient responses (Stanley et al. 1990; Anderson and Garrison 1997; Huisman 

and Weissing 2001; Smayda and Reynolds 2001; Roelke et al. 2003; Kremp et al. 2008). Thus, 

DIN tipping points for the phytoplankton community may be interpreted as the DIN 

concentration at which the effects of the DIN increases become unpredictable. 

Exposure irradiance, whether high or low (40% vs. 20% of solar irradiance), did not result in 

different tipping points for paired samples.  The effects of irradiance on nutrient uptake are well 

documented and the paradigm is that uptake is slower at lower irradiances (Eppley et al. 1969; 

Geider et al. 1997, 1998).  Our results suggest that DIN uptake was not light limited at the 

exposure levels used in this study.  In an unpublished study, the saturating irradiance (PAR) for 

photosynthesis (Ek)for WB and CB phytoplankton was ca. 700 µmol photons m-2 s-1 (Pinckney et 

al., unpubl).  Similarly, Lawrenz et al. (2013) found Ek values of ca. 400 µmol photons m-2 s-1 for 

North Inlet phytoplankton. Assuming an incoming PAR of 1,500 µmol photons m-2 s-1, the low 

irradiance treatments would have received a PAR of 300 µmol photons m-2 s-1.  Although 



Winyah Bay and North Inlet Estuary are relatively turbid environments, phytoplankton growth 

and nutrient uptake is likely not light-limited due to the high vertical mixing rates driven by tides 

and winds in the generally shallow waters (< 4 m) of both systems (Yoder and Bishop 1985; 

Cloern 1987; Alpine and Cloern 1988; Mallin and Paerl 1992; Lawrenz et al. 2013)  

For the phytoplankton community as a whole, the median DIN tipping points at the WB site 

were more than double those of the CB site (49.4 vs. 20.3 µmol DIN l-1).  This result could 

reflect differences in phytoplankton species composition between the two sites.  At the WB site, 

the phytoplankton community was composed of mostly freshwater species due to the WB 

salinity (2 – 4) and freshwater rivers flowing into the bay.  As a speculation, the higher tipping 

points may suggest that the phytoplankton in the upper bay were acclimated to higher nutrient 

concentrations relative to CB (22 – 36 salinity).  Estuarine phytoplankton assemblies may rapidly 

recover from acute osmotic stress where available nutrients are abundant (Li 2019) and 

phytoplankton at lower salinities usually have high half-saturation constants for nutrient uptake 

(Fisher et al. 1988). 

The initial phytoplankton community composition for the bioassays was represented by 7 algal 

groups, common at both sites, (chlorophytes, cryptophytes, cyanobacteria, diatoms, 

euglenophytes, and prasinophytes) that were quantified using ChemTax.  Diatoms were the most 

abundant group in all bioassays, with other groups present in varying concentrations depending 

on date and location.  Similar community compositions have been reported for Winyah Bay and 

North Inlet estuary in previous studies (Lewitus et al. 2005; Ranhofer et al. 2009; Lawrenz et al. 

2013; Pinckney et al. 2013). Initial composition (i.e., the seed community) plays a central role in 

the responses of bioassays, making it difficult to generalize responses of natural systems with 

different seed communities (Franks 1997; Roelke et al. 1997; Roelke and Buyukates 2001) 



Group diversity responses following tipping points were unpredictable.  However, tipping points 

were identified for DIN concentrations at which there was a change, usually in both direction and 

magnitude of the slopes.  In many cases, group diversity declined following tipping points and 

with increasing DIN concentrations.  Phytoplankton group diversity had distinct tipping points, 

but diversity responses after the tipping point were highly variable between dates.  In general, 

diversity increased up to the tipping point, then increased at a different rate, declined, or 

remained constant.  Although not statistically significant (p = 0.28), there was a trend toward 

higher DIN tipping points for group diversity at the WB site.  These results are consistent with 

the finding that eutrophication usually results in an overall decline in phytoplankton diversity 

(Revelante and Gilmartin 1980; Reynolds 2006). 

All phytoplankton groups (i.e., chlorophytes, cryptophytes, cyanobacteria, diatoms, 

dinoflagellates, euglenophytes, and prasinophytes) exhibited a trend toward higher tipping points 

at WB compared to CB.  Incubation irradiances had no effect on DIN tipping points except for 

cryptophytes and cyanobacteria, where tipping points were higher for the high irradiance 

exposures relative to low irradiance. 

Tipping points were not different for individual algal groups at either the CB or WB sites, likely 

due to the high variability in nutrient responses.  However, when data for groups were pooled, 

DIN tipping points were higher at WB compared to CB.  Although it is very likely that there is a 

seasonality in tipping points, we were unable to address this confounding factor with our limited 

data set.  Without replication, we cannot draw any conclusions.  However, the limited data do 

suggest a trend toward lower DIN tipping points during the cooler winter months and may imply 

that phytoplankton are more sensitive to nutrient loading at colder temperatures.  



All data on DIN tipping points were combined to provide insights into potential limits for water 

quality management (Table 4).  Conservative nutrient estimates for maximum concentrations for 

the CB site would be ca. 25 µmol DIN l-1 and ca. 50 µmol DIN l-1 for the WB site.  These levels 

should be below the threshold for major alterations in phytoplankton structure and function in 

these two systems.  

Usually, a critical value < 20  µg chl a l-1 for phytoplankton concentrations is recommended for 

the maintenance of water quality in many systems (Van Meerssche and Pinckney 2019). Our 

results suggest that, during some periods of the year, this critical value is reached above the 

tipping points for both the low and CB locations examined in this study.  The implication is that 

phytoplankton communities may undergo major changes, possibly detrimental, at concentrations 

below the 20 µg chl a l-1 criterion.  Consequently, these marked changes in phytoplankton 

community assembly and processes may alter the functional role of phytoplankton, with 

cascading effects throughout the aquatic food web.    

CONCLUSIONS 

Using nutrient addition bioassays and a range of DIN concentrations, we were able to discern 

DIN tipping points at which the total community, diversity, and algal group responses shifted 

from one linear trajectory to another.  The implication is that the tipping point signaled a change 

in responses that may signal a transition from a relatively stable state to an alternate state with 

marked changes in community structure and, by extension, function. The consequences for 

nutrient management are that these tipping points may represent critical values for the 

determination of water quality nutrient criteria based on fundamental changes in phytoplankton 

responses to nutrient loading.  The WB system in our study exhibited higher DIN tipping points 

(> double) those of the CB site while exposure irradiance (20% vs. 40%) did not have an effect. 



Conservative nutrient estimates for maximum concentrations for the CB site would be ca. 25 

µmol DIN l-1 and ca. 50 µmol DIN l-1 for the WB site.  These levels should be below the 

threshold for major alterations in phytoplankton structure and function in these two systems.  
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Table 1.  Summary of bioassay incubation, salinity, temperature, maximum photosynthetically available radiation exposure, and initial 

nutrient concentrations (means of triplicates).  Dashes indicate data not collected. 

 

   

 *(1 mmol photons m-2 15 min-1 = 1.11 µmol photons m-2 sec-1) 

  



Table 2.  Dissolved inorganic nitrogen (DIN) concentration tipping points for all phytoplankton, Shannon group diversity, and 

phytoplankton groups.  Values are in units of µmol DIN l-1 ± 1 standard error of the estimate. Dashes indicate no 

tipping point 

   
  

           



Table 3.  Summary statistics for tipping point analyses.  Values are µmol DIN l-1. 

 

   

   

  



Table 4. Summary means, standard deviations, and medians for pooled DIN tipping point values 

for the two sites. Values are µmol DIN l-1 

  

  

 



FIGURE LEGENDS 

Figure 1. Map of the two study sites in South Carolina, USA.  The Clambank (CB) site was 

located in the North Inlet Estuary at Clambank Landing and the Winyah Bay (WB) site was 

in Winyah Bay.  Water for the bioassays was collected from these locations. 

Figure 2.  Bioassay results for the Clambank (CB) site showing the phytoplankton community 

(total chl a) responses to increasing DIN loading.  Bioassay dates are indicated on each 

graph and high vs. low incubation irradiances are shown as separate symbols.  The results of 

tipping point analyses are shown by lines and tipping points are denoted by dashed lines 

extending from the point to the x-axis. Plots without dashed lines denote no tipping point. 

Figure 3.  Bioassay results for the Winyah Bay (WB) site showing the phytoplankton community 

(total chl a) responses to increasing DIN loading.  Bioassay dates are indicated on each 

graph and high vs. low incubation irradiances are shown as separate symbols.  The results of 

tipping point analyses are shown by lines and tipping points are denoted by dashed lines 

extending from the point to the x-axis. Plots without dashed lines denote no tipping point. 

Figure 4. Boxplots summarizing the DIN tipping point values for the total phytoplankton 

community. 

Figure 5. Boxplots of initial phytoplankton community composition at the Clambank (CB) site. 

Bioassay dates are indicated on each graph.  Note different scales for x-axis. 

Figure 6. Boxplots of initial phytoplankton community composition at the Winyah Bay (WB) 

site. Bioassay dates are indicated on each graph.  Note different scales for x-axis. 



Figure 7.  Scatterplots for the Clambank (CB) site showing the phytoplankton group diversity 

(Shannon-Wiener Index) responses to increasing DIN loading.  Bioassay dates are indicated 

on each graph and high vs. low incubation irradiances are shown as separate symbols.  The 

results of tipping point analyses are shown by lines and tipping points are denoted by dashed 

lines extending from the point to the x-axis. Plots without dashed lines denote no tipping 

point. 

Figure 8.  Scatterplots for the Winyah Bay (WB) site showing the phytoplankton group diversity 

(Shannon-Wiener Index) responses to increasing DIN loading.  Bioassay dates are indicated 

on each graph and high vs. low incubation irradiances are shown as separate symbols.  The 

results of tipping point analyses are shown by lines and tipping points are denoted by dashed 

lines extending from the point to the x-axis. Plots without dashed lines denote no tipping 

point. 

Figure 9.  Boxplots summarizing the DIN tipping point values for group diversity and individual 

algal groups (chlorophytes, cryptophytes, cyanobacteria, diatoms, dinoflagellates, 

euglenophytes, and prasinophytes).  The results of a posteriori multiple comparisons are 

indicated by letters above the boxes.  Similar letters indicate homogeneous groups. 

 


