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Andrew Dickson, UCSD; values of TA and DIC are listed per batch on the website: 

http://cdiac.ornl.gov/oceans/Dickson_CRM/batches.   

The accuracy of both the TA and DIC results was calculated from the difference between the 

average CRM reading and the listed CRM value.  Precision was calculated from both CRM samples and 

field samples, except in the case of TA for the winter sampling analysis when no replicates were run.  A 

summary of the accuracy and precision for each season is found in Table 2. 

 

Table 2.  Accuracy and precision of TA and DIC for three seasons of sampling. 

 

 

 

Calculated carbonate system parameters 

From the values for in situ temperature, salinity and pressure (depth), and laboratory 

determined Total Alkalinity and Dissolved Inorganic Carbon, calculations were made for pH, carbon 

dioxide fugacity (fCO2) and saturation states of calcite and aragonite using the CO2SYS software 

developed for Microsoft Excel (Pierrot et al., 2006).  The choices of constants were as follows:  K1 and K2 

from Mehrbach et al. (1973) refit by Dickson and Millero (1987); KHSO4 from Dickson (1990); Total 

Boron from Uppstrom (1974); and pH was calculated on the Total Scale ([H+]T = [H+]F + [HSO4
-]) where 

[H+] is in moles per kilogram of seawater (mol/kg-sw).   

 

 

 

Season

Winter 2 2 (n=5) 3 (no replicates)

Spring 4 5 (n=9) 1 4 (n=5)

Autumn 1 4 (n=25) 8 9 (n=6) 

DIC

Accuracy  (± μmol/kg-sw)  Precision

TA

Accuracy   (± μmol/kg-sw)   Precision
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detailed tables for the dates 9/21 and 9/22, 2015 (Table 4c, Site 4).  The physical aspect of tidal shifts on 

a river discharge high in TA, in this example, dominated the chemical processes of diurnally cycled 

photosynthesis and calcification.   

 

Table 4a–4c.  Carbonate system measurements from 3 seasons, 4 sites, at depths of 0.5–1.0 m; pH is on the Total 
Scale, [H+]T = [H+]F + [HSO4

-].  The pH, fCO2 and saturation states (Ω) are calculated from TA and DIC using the 
CO2SYS software.   
 

   

Table 4a:  Winter 2014-2015

Date Time Site Temp. Salinity

TA       

(μmol/kg-sw)

DIC       

(μmol/kg-sw) pH

f CO2       

(μatm) TA/DIC Ω calcite Ω aragonite

12/16/2014 13:30 1 20.5 37 2604 2283 8.08 409 1.14 5.51 3.6

12/16/2014 14:40 1 21.1 37 2585 2250 8.09 387 1.15 5.73 3.74

12/17/2014 7:10 1 19.3 37 2632 2321 8.08 415 1.13 5.37 3.49

12/17/2014 8:40 1 19.4 37 no data 2334 null null null null null

12/17/2014 13:05 1 21.3 37.5 2651 2301 8.10 392 1.15 5.98 3.91

12/17/2014 14:55 1 21.4 37.5 2626 2288 8.08 405 1.15 5.78 3.78

12/18/2014 7:45 1 20.1 37.5 2653 2342 8.06 440 1.13 5.37 3.5

12/18/2014 9:30 1 20.5 37.5 2690 2396 8.02 496 1.12 5.14 3.36

1/3/2015 9:23 2 21.4 32 2548 2304 8.00 513 1.11 4.57 2.96

1/3/2015 10:47 2 21.4 33 2374 2160 7.95 537 1.10 3.93 2.55

1/3/2015 14:49 2 23.1 34 2385 2108 8.03 431 1.13 4.88 3.19

1/3/2015 15:38 2 22.9 34 2379 2034 8.15 309 1.17 5.96 3.9

1/11/2015 8:31 3 13.2 23 2740 2591 8.03 559 1.06 3.38 2.08

1/11/2015 10:42 3 14.6 23 2718 2534 8.09 474 1.07 4 2.47

1/11/2015 14:41 3 15.8 26 2657 2416 8.15 382 1.10 4.83 3.02

1/11/2015 16:07 3 16.1 26 2654 2416 8.14 390 1.10 4.8 3.01

1/12/2015 9:20 3 16.5 25 2704 2489 8.10 452 1.09 4.48 2.8

1/12/2015 10:42 3 17.3 25 2692 2478 8.09 467 1.09 4.46 2.79

1/12/2015 13:56 3 17.2 26 2655 2453 8.05 496 1.08 4.19 2.63

1/12/2015 15:44 3 16.4 26 2585 2384 8.07 458 1.08 4.12 2.58

1/4/2015 10:17 4 21.6 15 2921 2789 7.97 800 1.05 3.71 2.21

1/4/2015 16:32 4 22.4 16 2870 2644 8.16 478 1.09 5.57 3.35
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*No afternoon data for Site 4 in spring. 

 

Table 4b:  Spring 2015

Date Time Site Temp. Salinity

TA       

(μmol/kg-sw)

DIC        

(μmol/kg-sw) pH

f CO2       

(μatm) TA/DIC Ω calcite Ω aragonite

5/6/2015 17:19 1 26.3 36.5 2174 1808 8.13 283 1.20 5.92 3.92

5/6/2015 19:31 1 25.8 36.5 2174 1808 8.14 276 1.20 5.93 3.92

5/7/2015 9:10 1 25.7 37 2218 1932 8.00 428 1.15 4.72 3.13

5/7/2015 10:33 1 25.6 37 2218 1888 8.07 344 1.17 5.38 3.56

5/7/2015 11:35 1 25.9 37 2209 1869 8.09 329 1.18 5.53 3.66

5/7/2015 14:19 1 26.7 37 2194 1835 8.11 307 1.20 5.8 3.85

5/7/2015 15:48 1 27.3 37 2190 1810 8.13 285 1.21 6.11 4.07

5/7/2015 17:10 1 27.4 37 2186 1786 8.16 260 1.22 6.42 4.28

5/7/2015 19:00 1 27.4 37 2188 1775 8.18 246 1.23 6.61 4.4

5/8/2015 7:50 1 26.1 37 2229 1922 8.03 395 1.16 5.05 3.35

5/8/2015 9:20 1 26.6 37 2214 1891 8.05 369 1.17 5.28 3.5

5/20/2015 8:28 2 27.4 33 2589 2346 7.90 689 1.10 4.65 3.08

5/20/2015 9:28 2 27.8 33 2565 2352 7.84 800 1.09 4.16 2.76

5/20/2015 10:33 2 28.5 33 2586 2350 7.87 745 1.10 4.54 3.02

5/20/2015 17:10 2 31.4 33 2462 1980 8.21 258 1.24 8.57 5.74

5/20/2015 18:20 2 31.1 33 2468 1976 8.23 246 1.25 8.74 5.85

5/20/2015 19:18 2 30.9 33 2469 1980 8.23 247 1.25 8.7 5.82

5/15/2015 8:11 3 27.6 32 2410 1900 8.33 182 1.27 9.01 5.95

5/15/2015 9:16 3 28.2 32 2406 1914 8.30 200 1.26 8.72 5.77

5/15/2015 10:20 3 28.4 31.5 2399 1913 8.30 201 1.25 8.68 5.74

5/15/2015 17:20 3 30.1 32 2421 1803 8.42 133 1.34 10.9 7.26

5/15/2015 18:34 3 30.2 31.5 2402 1780 8.44 126 1.35 11.04 7.34

5/15/2015 20:04 3 29.4 31.5 2354 1766 8.42 132 1.33 10.36 6.87

5/16/2015 8:17 3 27.1 32 2355 1896 8.28 207 1.24 8.09 5.33

5/16/2015 9:24 3 27.3 32 2357 1889 8.29 201 1.25 8.24 5.43

5/16/2015 10:29 3 27.7 32 2372 1880 8.31 189 1.26 8.66 5.72

5/16/2015 16:05 3 29.3 32 2363 1815 8.36 158 1.30 9.63 6.39

5/16/2015 17:32 3 30 32 2397 1795 8.41 137 1.33 10.59 7.04

5/16/2015 18:42 3 29.5 32 2381 1760 8.45 121 1.35 10.89 7.23

5/13/2015 9:02 4 28.4 24 2919 2474 8.27 309 1.18 9.47 6.07

5/13/2015 10:40 4 28.7 24 2932 2452 8.30 278 1.20 10.19 6.54
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Table 4c:  Early Autumn 2015

Date Time Site Temp. Salinity

TA       

(μmol/kg-sw)

DIC       

(μmol/kg-sw) pH

f CO2       

(μatm) TA/DIC Ω calcite Ω aragonite

10/14/2015 8:27 1 28.6 39 2132 1889 7.87 581 1.13 3.94 2.64

10/14/2015 9:40 1 28.9 39 2107 1807 7.97 429 1.17 4.72 3.16

10/14/2015 10:58 1 29 39 2104 1789 8.00 397 1.18 4.95 3.32

10/14/2015 16:33 1 29.4 39 2097 1760 8.03 361 1.19 5.26 3.53

10/14/2015 17:46 1 30.2 39 2115 1831 7.92 491 1.16 4.53 3.05

10/14/2015 18:46 1 29.1 39 2094 1764 8.02 369 1.19 5.14 3.44

10/15/2015 8:22 1 28.3 39 2192 2042 7.67 1024 1.07 2.74 1.83

10/15/2015 9:42 1 28.9 39 2200 2055 7.65 1080 1.07 2.7 1.81

10/15/2015 16:36 1 30.2 39 2163 1842 7.98 429 1.17 5.11 3.44

10/4/2015 9:05 2 25.8 30 2470 2170 8.07 415 1.14 5.67 3.7

10/4/2015 10:41 2 26 32.5 2527 2156 8.14 341 1.17 6.73 4.43

10/4/2015 16:48 2 27 33 2416 1990 8.21 259 1.21 7.48 4.94

10/5/2015 8:01 2 25.8 32 2437 2165 8.00 485 1.13 5.04 3.31

10/5/2015 9:23 2 25.1 32 2475 2158 8.09 394 1.15 5.81 3.8

10/5/2015 10:31 2 26.2 32 2518 2179 8.10 388 1.16 6.22 4.09

10/5/2015 15:56 2 26.8 32.5 2422 1802 8.47 116 1.34 10.79 7.11

10/5/2015 17:25 2 27.5 31.5 2404 1947 8.27 220 1.23 8.16 5.38

10/5/2015 17:59 2 28.2 31.5 2420 1965 8.26 231 1.23 8.19 5.41

9/25/2015 8:22 3 27.5 30 2382 2094 8.04 436 1.14 5.43 3.56

9/25/2015 10:27 3 28.6 30 2365 2100 7.99 503 1.13 5.04 3.32

9/25/2015 16:37 3 30.3 30 2294 1914 8.16 292 1.20 6.99 4.63

9/25/2015 18:18 3 29.4 30 2296 1884 8.22 247 1.22 7.5 4.95

9/26/2015 8:02 3 27.4 30 2378 2158 7.92 612 1.10 4.29 2.82

9/26/2015 10:03 3 29.2 30 2393 2172 7.89 661 1.10 4.35 2.87

9/26/2015 16:41 3 31.1 29 2351 1994 8.12 344 1.18 6.77 4.48

9/26/2015 19:12 3 30.2 29 2313 1899 8.23 249 1.22 7.7 5.08

9/21/2015 9:05 4 27.7 20 2705 2423 8.13 450 1.12 6.42 4.01

9/21/2015 15:30 4 28.7 17 2879 2564 8.20 421 1.12 7.64 4.7

9/21/2015 16:43 4 29.9 20 2808 2495 8.14 458 1.13 7.25 4.57

9/21/2015 17:57 4 29 20 2758 2434 8.18 407 1.13 7.39 4.64

9/22/2015 8:15 4 26.8 24 2578 2304 8.09 454 1.12 5.79 3.69

9/22/2015 9:29 4 27.4 22.5 2587 2314 8.10 451 1.12 5.92 3.76

9/22/2015 10:25 4 28.3 22 2617 2345 8.09 476 1.12 5.99 3.8

9/22/2015 15:32 4 28.6 20 2738 2443 8.14 450 1.12 6.74 4.23

9/22/2015 16:35 4 28.8 20 2764 2432 8.19 390 1.14 7.57 4.75

9/22/2015 17:57 4 29.4 22 2654 2352 8.12 444 1.13 6.66 4.24
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Table 5.  Nutrient samples collected during the autumn sampling.  One sample was taken at the second sampling 
time of each morning and afternoon sampling session.  The limits of detection were reported as 0.03 and 0.07 
μmol/kg-sw for phosphate and silicate, respectively.   

 

   

Site Date AM/PM Phosphate (μmol/kg-sw) Silicate (μmol/kg-sw)

4    Weeki Wachee 21-Sep AM 0.40 -

21-Sep PM 0.40 2.68

22-Sep AM 0.37 1.01

22-Sep PM 0.50 2.41

3  Fred Howard Park 25-Sep AM 0.37 2.88

25-Sep PM 0.40 6.93

26-Sep AM 0.38 3.27

26-Sep PM 0.38 5.13

2      Fort Desoto 4-Oct AM 0.52 3.82

4-Oct PM 0.53 0.87

5-Oct AM 0.60 3.03

5-Oct PM 0.74 3.00

1    Long Key-KML 14-Oct AM 0.34 4.79

14-Oct PM 0.34 1.56

15-Oct AM 0.33 2.66

15-Oct PM 0.33 3.62

Diurnal Nutrient Sampling, Autumn 2015
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Figure 9.  Plots of the data from Table 4 compare diurnal variations among the four sites for each carbonate 

system parameter for the winter sampling (Dec. ’14 – Jan. ’15).  Sampling time of day is shown on the x-axis.  For 

the Keys Marine Laboratory site only, sampling began during an afternoon session (PM) and ended with a morning 

session (AM) spanning 3 days.  Other sites were sampled over one or two days, hence the staggered start and 

uneven length of the plotted markers.  Only two samples were collected at the Weeki Wachee site (one morning 

and one afternoon).  
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Figure 10.  Plots of the data from Table 4 compare diurnal variations among the four sites for each carbonate 

system parameter for the spring (May) 2015.  Sampling time of day is shown on the x-axis.  The Keys sampling 

began during a PM session and ended with an AM session.  More samples were taken within each session during 

this season than in winter, except from the Weeki Wachee site due to logistical issues.  
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Figure 11.  Plots of the data from Table 4 compare diurnal variations among the four sites for each carbonate 

system parameter for the autumn sampling (Sep. – Oct. ‘15).  Sampling time of day is shown on the x-axis.  All sites 

were sampled over two days beginning with a morning session and ending with an evening session on the second 

day.  Due to inclement weather, some sampling times are missing.  
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Total alkalinity end-members 

The diurnal variability at each site created a large range of TA with only a slight change or no 

change in salinity.  I determined the TA end-member contributions in individual seasons for each site.  

Due to a low number of data points for single seasons, I analyzed the collection of samples from the 

spring and autumn sampling together.  For sites 2–4, spring and autumn had similar mean TA and 

salinity as well as the range of TA and salinity.  Site 1, on the other hand, had differences between spring 

and autumn for the mean values of TA and salinity that produced erroneous results when combining the 

seasonal data.  The end-member contribution model (Eqn. 2) produced values of TA0 for Site 1 that were 

well within the standard error, indicating that the value of TA0 was zero in all seasons.  Due to the lack of 

freshwater input in the Middle Keys (Site 1), analysis of TA end-member contributions are only for sites 

2, 3 and 4 (Tables 6, 7; Fig. 12, 13).  Site 2 in the Fort Desoto lagoon, which is located at the mouth of 

Tampa Bay, has limited freshwater input.  Fred Howard Park is 3 km from the mouth of the Anclote River.  

The Weeki Wachee coastal sites sampled are from 4 to 7 km from the Weeki Wachee River mouth, and 

one additional sample was taken at 1.6 km from the river mouth.   

 

Table 6:  TA0, TAoce and statistical summary for the spring and autumn combined data set.  P-values are determined 
through 1000 random permutations of the observed F-ratio (Mean square regression/Mean square residual). 
 

 

 

The TA regressions are presented first on axes of the same scale and then on axes more 

appropriate to each site (Figs. 12 and 13, respectively).  Looking at the three sites with axes of the same 

Site TA0 TAoce R2
p-value

2   Fort Desoto 1691 ± 575 2498 ± 1820 0.40 0.656

3   Fred Howard 1822 ± 196 2387 ± 849 0.83 0.004

4   Weeki Wachee 3807 ± 293 2622 ± 770 0.94 0.001
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scale, there is a notable difference between the first three sites and the Weeki Wachee site; Weeki 

Wachee shows a much larger range of both salinity (S) and normalized TA.   

 

 

 

Figure 12:  TA x Soce/S versus 1/S for the combined spring and autumn sampling at three sites plotted on axes of 
equal dimensions.  Goodness of fit and estimates of TA0 along with standard errors are shown within each plot. 
 
 

As seen in the plots of TA vs. S (Fig. 14), the slope of the cluster of points for Fort Desoto and 

Fred Howard is positive while the slope for the cluster of points for Weeki Wachee is negative.  This plot 

reinforces the observation that TA increases with lower salinity in the Weeki Wachee coastal area, a 

pattern that is opposite the usual salinity-alkalinity relationship.   
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Figure 13:  TA x Soce/S versus 1/S for the combined spring and autumn sampling is shown with axes appropriate to 
each site.  Goodness of fit and estimates of TA0 along with standard errors are shown within each plot.  Equations 
for the regression lines are shown in Appendix D.   
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riverine or groundwater sources of TA0.  For systems where freshwater TA contributions may be 

substantial, the differences between predictions of TA (Eqn. 2) and TA’ (Eqn. 1) produce an index of 

riverine alkalinity (Yang et al., 2015a):  
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Therefore, the fractional contribution of riverine TA in a seawater sample is ΔnTA/TA.  In comparison to 

the other sites, there is a much greater contribution to TA from riverine sources in the Weeki Wachee 

coastal area (Table 6, 7; Fig. 14). 

 

Table 7:  Range and average ΔnTA for three sites from the spring and autumn combined data.   
 

 

 

 

 

Figure 14.  Plot of TA versus salinity for the three sites of the TA end-member analysis.  Simple dilution line 

representing end-member mixing with TA0 = 0 is shown by the blue dashed line.    

Site Range of ΔnTA Mean ΔnTA

2   Fort Desoto 0–153.7 34.17

3   Fred Howard 0–170.8 55.51

4   Weeki Wachee coastal 0–1428 506.4
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DISCUSSION 

 

Geologic influences 

Looking at the geological map of central west Florida (Fig. 4), the underlying substrata present a 

plausible explanation for elevated levels of alkalinity and high saturation states.  In the Springs Coast, 

spring-fed rivers emerge from a limestone aquifer and flow over limestone surfaces left largely exposed 

as they were bypassed by the siliciclastic invasion (~30 Ma to Present) (Hine, 2013).  The lithology of the 

shoreline is divided between Eocene and Oligocene limestone right at the mouth of the Weeki Wachee 

River.  This is in contrast to the lithology of the adjacent coastal region to the south, which is 

predominantly Miocene muds and quartz sands with the exception of the localized region of Fred 

Howard Park and the immediate surrounding shoreline.   

The four study sites present distinct lithological and sedimentary provinces including Paleogene 

carbonates in the Springs Coast, clastics in central west Florida and Quaternary biogenic carbonates in 

Florida Bay.  The inshore assemblages of A. angulatus mirror these distinctive facies as these 

foraminifers are moderately abundant in the Springs Coast, rare at Fred Howard Park, absent at Fort 

Desoto and very abundant in Florida Bay.  Comparing the two study areas where A. angulatus are 

common, the TA, pH and Ω in the Springs Coast were higher in spring and autumn, but the KML site in 

Florida Bay, where the sediment is purely calcareous and the average temperatures are warmer, had 

higher saturation states in winter.  Within the scope of this study, I was unable to examine portions of 

the southwest coast of Florida between Sarasota and Naples that are predominantly limestone at the 

surface.  However, previous studies showed (e.g., Bandy, 1956) that A. angulatus dominates the 

foraminiferal assemblages beyond the immediate coastal zone, as they do in the waters of the Springs 
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Coast.  The geographical presentation of Archaias facies in Poag (2015) created from these studies 

highlights the connection between carbonate surface lithologies and areas where A. angulatus is the 

predominant species of foraminifera.  Archaias angulatus was not found in the lagoons of Fort Desoto 

and is rare to absent along the chain of barrier islands between Fred Howard Park and Fort Desoto, an 

area covered predominantly with siliciclastic sand and clay, and with a lower percentage of calcium 

carbonate sediment, mostly molluscan in origin.   

 

Indications from sediment samples 

The number of samples examined from the Weeki Wachee coastal area is small (n = 21), but 

some patterns can be seen.  The three sites with highest abundance of A. angulatus tests are offshore 

from the Weeki Wachee River mouth and follow a southward trend (see Fig. 7a).  These sites occur in 

the zone designated by NOAA satellite data as Upper Polyhaline (S = 25–30); however, direct water 

sampling in winter, spring and autumn revealed that salinity can be even lower in that area (S = 15–24).  

Nevertheless, the greatest abundance of live Archaias was found furthest offshore (FWC Site 158) in the 

Euhaline zone (S > 30), where the number of live Archaias per gram of sediment (1.15) was more than 

double that of the next most abundant site (see Fig. 7b).  Furthermore, 18 out of the 22 specimens 

found in this sample were live (82%), and all tests recovered from this sample were in good condition 

with no dissolution or breakage.  The site with the second highest number of live Archaias per gram of 

sediment (0.48) and a fairly high percentage of live specimens among the total (33% of the Archaias 

assemblage) was FWC Site 61, which is one of the nearest to shore among the sites sampled.   

Archaias angulatus in the Springs Coast appear to benefit from the carbonate-spring discharge, 

even to the point of thriving at reduced salinities.  Given the predictions for climate change, the 

northern location of the Springs Coast will likely become a positive factor.  As global sea temperatures 

warm, conditions in shallow areas that are currently ideal environments, such as Florida Bay, might 



39 
 

exert greater stress on A. angulatus in the summer than areas such as the Springs Coast do in winter.  

This prediction is supported by temperature tolerances experimentally determined by Toomey (2013), 

who found that A. angulatus could survive extended exposure to temperatures as low as 4 °C but is 

consistently sensitive to temperatures >31 °C. 

 

Habitat and hydrogeological influences on oceanic carbonate parameters 

The minimal presence of quartz sand and the hydrogeology of the Springs Coast provide a 

setting for organisms to readily calcify.  The depth, water clarity and seagrass abundance combine to 

create suitable habitat for A. angulatus to thrive.  In the Springs Coast, the TA was highest and the 

calcium carbonate saturation states were above average among the four study sites.  All of these factors 

likely contribute to the strong presence of A. angulatus in this region.   

The Springs Coast study site has a combination of depth, water clarity, light intensity, seagrass 

coverage, temperature, salinity and alkalinity that creates excellent habitat for calcifying organisms such 

as A. angulatus.  By comparison to the Tampa Bay region, the Springs Coast area has a much more 

gradual shelf slope that has allowed seagrasses to grow over a very large portion of the inner shelf.  The 

broad, gradual slope and the seagrass growing there attenuate wave action and reduce turbidity.  

Nutrient concentrations are low and there is limited CDOM flux as seasonal flooding is minimal or non-

existent in most of the spring rivers (Yobbi & Knochenmus, 1989).  The abundance of seagrass provides 

attachment surfaces as well as shade for the highly mobile (by foraminiferal standards) Archaias to 

avoid light stress.  The temperature of the inshore area is somewhat moderated by the springs, which 

discharge water at a constant ~22 °C throughout the year.  At locations near the Weeki Wachee and 

Anclote rivers, the mean seawater temperatures for January–March (2000–2004) were 17.5 °C (Anclote) 

and 18 °C (Weeki Wachee), respectively (SWFWMD Water Management Information System Data 

Warehouse).  Despite the northern location, the Weeki Wachee nearshore waters were as warm as, or 
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warmer than, Anclote to the south.  The A. angulatus abundances (Fig. 7) indicate that lower salinities 

are tolerable where the alkalinity is high.  In addition, the ecological setting of the Springs Coast is nearly 

pristine.  Some springs are polluted but most are not; and, by comparison, the extensive system of 

manmade canals that empties into Florida Bay is largely absent in the Springs Coast. 

 

Riverine alkalinity contribution  

Total alkalinity end-members 

Analysis of small data sets over multiple seasons created challenges in assessing the nonzero 

riverine alkalinity contribution.  The low resolution of the refractometer produced homogeneity at times 

in the salinity data, and the diurnal variability of the CO2-carbonate system further complicated 

predictions of TA end-members.  However, the combined samples from the spring and autumn sampling 

provided a fairly robust description of the TA end-member contributions.   

Tidal fluxes in the Weeki Wachee coastal area can exert greater control on TA than diurnal 

trends, due to the strong influence of the river.  A very large freshwater discharge in the region reduces 

the nearshore salinity and lowers the pH.  Groundwater is a major factor in this area.  As Yobbi and 

Knochenmus (1989) note, “springs and seeps discharge more than a billion gallons of water per day 

[43.8 m3 s-1] from the aquifer to rivers, swamps, and estuarine marshes that eventually flow to the Gulf 

of Mexico.”  The combined discharge of the Weeki, Crystal and Withlacoochee rivers was given by Yobbi 

& Knochenmus (1989) as 65.13 m3 s-1.  At the other three study sites, diurnal variation related to 

photosynthesis and calcification was the dominant factor influencing TA values with additional smaller 

trends related to tidal movements or cloudy weather.  As TA is very high in the river, it seems likely that 

Weeki Wachee (Site 4) would show a stronger relationship between TA and salinity than the other sites.   

Despite very few data points in winter and spring, only the Weeki Wachee site exhibited a 

uniform pattern of higher TA with lower salinity across three seasons.  Moreover, the predicted TA0 was 
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quite consistent across three seasons (3707 ± 18).  The magnitude of this value is in line with 

observations from field samples, which show increasing values towards shore, with the highest observed 

value of 3227 μmol/kg (S = 15) found near the river mouth (1.6 km offshore).  Within individual seasons, 

the predicted TA0 values at Site 4 consistently had less standard error than values predicted for other 

sites:   3679 ± 123 in winter, 3731 ± 18 in spring, and 3710 ± 118 in autumn.  Though, with a low number 

of observations and coarse resolution of the salinity, individual plots for winter, spring, and autumn are 

not presented for any site.  The results of this model for individual seasons were not robust for any site 

except Weeki Wachee, as indicated by low R2 and high p-values (not presented).   

The TA–salinity model (Eqn. 3) is best used via a transect of sampling points from a riverine 

source to a location offshore, as was done for most of the sites discussed in Yang et al. (2015a).  My 

sampling focused on specific sites within nearshore areas that show salinity fluctuations due to tidal 

movements, as well as changes in TA related to tidal and diurnal cycles.  Thus, the results should be 

viewed conservatively despite their statistical significance.  Of the four study areas, the Weeki Wachee 

coastal sampling was best for the application of the Equation 3 model because the sampling site was 

moved further offshore with each season, producing observations along a transect.  Also, large swings in 

salinity related to tidal influences created greater heterogeneity in the salinity data, which produced a 

more robust regression model.   

Salinity normalization of TA (or DIC) by the conventional method (i.e., Eqn. 1) is inappropriate 

when making comparisons among sites that include nonzero riverine end-members (TA0) and, 

particularly, for sites near carbonate spring-fed rivers.  By the conventional normalization method, the 

TA value for a nearshore sample from Weeki Wachee would be 7531 μmol/kg when normalized to a 

salinity of 35.  This value is misleading.  The TA does not increase with salinity in the Weeki Wachee 

coastal area.  Instead, it increases towards shore with decreasing salinity.  Additionally, the magnitude of 
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ΔnTA is strongly negatively correlated to the tidal stage (r=-0.86, p=0.001), as seen in Figure 15.  The 

negative correlation demonstrates the connection between riverine discharge and high TA.   

 
 
Figure 15.  Plots of ΔnTA versus tide stage (NOAA) for the Weeki Wachee coastal area (spring and autumn).  MLLW 
is Mean Lower Low Water. 

 

Validation of the end-member model 

Total Alkalinity end-member calculations predict a value of 3807 μmol/kg (combined spring and 

autumn sampling) for the Weeki Wachee composite freshwater end-member.  Supplementary 

measurements of total alkalinity were taken after performing the TA end-member analysis in order to 

determine the validity of the predictions; the precision of these samples was greater than that of 

previous rounds of sampling.  During an extremely high tide, the salinity just outside the mouth of the 

river was 15 and the alkalinity was 3114.0 ± 0.5 μmol/kg.  The TA in the Weeki Wachee River roughly 3 

km from the river mouth was 3035.5 ± 0.5 μmol/kg (S = 0.5).  The predicted TA0 value of 3807 μmol/kg 

seems high; based on available measurements, the mixing zone beyond the mouth of the river exhibits 

the highest TA, but it is unclear what the maximum TA value might be.  Samples should also be taken at 

low tide to help resolve the magnitude of TA in the mixing zone.  
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Watershed effects on carbonate alkalinity  

When comparing multiple regions, the riverine input and river substrate must be considered in 

the relationship between salinity and alkalinity.   Alkalinity increases with salinity under typical oceanic 

conditions yet, as discussed for the Weeki Wachee area, the opposite can be true.  An overlay of the 

watershed divisions in west Florida onto a map of lithological designations (Fig. 16) demonstrates 

geographic connections between high alkalinity and limestone substrata.  Limestone surface lithology 

dominates the coastal areas of the Springs Coast watershed and the Southern Coastal watershed.   

 

Figure 16.  The major watersheds for central west Florida shown in relation to predominantly limestone substrata 
(black areas).  There is a divergence between the Springs Coast watershed and the Tampa Bay/Anclote watershed 
roughly at the lithological boundary between Oligocene limestone and Holocene clay and beach sand.  Watershed 
map imagery:  https://www.swfwmd.state.fl.us/education/watersheds/. 

https://www.swfwmd.state.fl.us/education/watersheds/
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Riverine source and abundance of A. angulatus 

For the combined spring and autumn sampling analysis (nearest site is 1.6 km from the river 

mouth; S=15), the specific contribution to TA from the river source along a path of increasing salinity 

and distance from the river mouth had a range of 1428 to 0.0 μmol/kg.  The locations of greatest 

abundance of A. angulatus (Fig. 7a) are found along what is conceivably the flow path of the Weeki 

Wachee riverine outflow across the inner shelf; however, more definitive information is needed on the 

estimated yearly-averaged path of the Weeki Wachee River discharge, and more sediment samples 

should be analyzed for abundance of A. angulatus to accurately relate the river discharge and 

foraminiferal abundance.  Seasonal differences in the wind and current patterns occur in this area, with 

a predominantly northward current during late fall and winter and southward current during the 

remainder of the year (Wetterhall, 1964; Jordan, 1973; Liu & Weisberg, 2012).   

 

Biogeochemical processes   

Conventionally normalized TA and DIC 

A graphical approach can be used to plot salinity-normalized TA (nTA) versus salinity-normalized 

DIC (nDIC) (Deffeyes, 1965; Suzuki & Kawahata, 2003) to examine the biogeochemical processes 

affecting changes in TA and DIC.  In plots of nTA and nDIC, a least-squares regression line with a steeper 

slope indicates greater influences of calcification/dissolution on a particular system, while a regression 

line with a slope close to zero indicates that a system is more influenced by photosynthesis/respiration.  

A system affected purely by calcification/dissolution is represented by a line with a slope of 2 (Suzuki & 

Kawahata, 2003; Yates et al., 2014; Muehllehner et al., 2016).  Likewise, a slightly negative slope 

represents a system dominated by photosynthesis/respiration (Fig. 17).  From the C:N:P ratio (550:30:1) 

of benthic marine macroalgae and seagrasses on coral reefs, as reported by Atkinson and Smith (1983), 

the slope of a line representing the theoretical impacts of photosynthesis and respiration is -0.06. 
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Figure 17.  Three seasons of salinity normalized TA and DIC are plotted with linear regressions for each of the four 
study sites except Weeki Wachee, which was sampled only twice in each the winter and spring (see Table 8 for r2 
values).  Sites are normalized to the maximum salinity for each site in each season.  The dashed lines represent 
theoretical impacts of calcification (C), dissolution (D), photosynthesis (P) and respiration (R).  The solid line 
represents CO2 uptake (CU) and release (CR) by the seawater.   

 

Plotted on axes of equal dimensions, it is easy to see that the Weeki Wachee site exhibits a 

steep curve, even in early autumn, while the KML and Fred Howard sites exhibit the strong impact of 

calcification/dissolution only in winter.  The impact of photosynthesis/respiration is especially 

pronounced at Fred Howard Park in spring and is likely related to abundant seagrass in the area and the 
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timing of sampling in relation to spring productivity.  The Fort Desoto site shows the most consistent 

balance between calcification and photosynthesis in every season.  

It is difficult to make a conclusive analysis of the Weeki Wachee site across seasons due to the 

low number of samples for winter and spring; also, the shifting of the sampling site farther offshore may 

result in a slightly different connection between TA and DIC.  Only two data points existed for winter and 

for spring for the Weeki Wachee site, and therefore a regression analysis was not performed for those 

seasons.  Looking solely at autumn, the regression line for Weeki Wachee implies much stronger impacts 

from the processes of calcification and dissolution than the other study sites.  The water flowing into the 

gulf from the Weeki Wachee River and nearby streams and springs is high in TA and DIC, as well as fCO2, 

and the pH is generally lower in the river than in the coastal waters.  Despite large amounts of seagrass 

and other benthic fauna, calcification exceeds photosynthesis in this coastal area.  Likewise, dissolution 

exceeds respiration.    

The relationships discussed above are quantitatively described by NCC:NCP ratios.  Net 

Community Calcification (NCC) and Net Community Production (NCP) have been used to quantify the 

changes in seawater carbonate chemistry between reefs and a corresponding offshore oceanic end-

member (e.g., Suzuki & Kawahata, 2003; Muehllehner et al., 2016).  Net Community Calcification, as the 

name implies, measures net CaCO3 production (calcification minus dissolution).  Net Community 

Production measures changes in DIC while taking into account NCC and gas exchange.  Muehllehner et al. 

(2016) thoroughly describe these variables and offer equations for their calculation provided that the 

seawater density, water depth, water residence time, and the CO2 gas exchange flux are known for a 

given site, as well as the offshore oceanic end-member.   

Linear regressions for individual season samplings can also be plotted in relation to the mean 

nTA and nDIC for each study site, as seen in Figure 17 (see Yates et al., 2014).  The ratio of NCC to NCP 
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can be determined from the slope of the individual regressions through the use of an equation derived 

by Suzuki et al. (2003) that relates the slope of the ΔnTA–ΔnDIC relationship to the NCC:NCP ratio:  

 
𝑁𝐶𝐶

𝑁𝐶𝑃
=

1

( 2
𝑚

−1)
    (4) 

The units for both NCC and NCP are mmol CaCO3 m-2d-1.  A list of NCC:NCP ratios for each sampling and 

the respective r2 values of their linear regressions are shown in Table 8.  Moderate to strong (r2 > 0.5) 

relationships between nTA and nDIC for seven of ten samplings bolsters confidence in the assessment 

but indicates the study could benefit from a greater number of samples.  The value of NCC:NCP among 

the study sites ranged from 0.18 to 2.39 and was generally highest in winter.  Fort Desoto did not follow 

that trend and was fairly similar among three seasons, although, the winter regression line only 

explained a very low percentage of the relationship.  Weeki Wachee had the highest autumn ratio, and 

the slope of the line of the two samples from winter (not shown) indicates an even greater NCC:NCP 

ratio than the autumn.   

 

Table 8.  NCC : NCP ratios for study sites over three seasons.  An r2 value of 0.5 was used as a threshold of 
significance, thus the NCC : NCP ratio was not computed for values that are not significant.  
 

  

Date Site Season NCC : NCP Slope r2

Dec 2014 1   KML Winter 0.70 0.82 0.89

May 2015 1   KML Spring 0.25 0.40 0.71

Oct 2015 1   KML Autumn 0.21 0.35 0.88

Jan 2015 2   Fort Desoto Winter NA 0.19 0.06

May 2015 2   Fort Desoto Spring 0.18 0.31 0.98

Oct 2015 2   Fort Desoto Autumn NA 0.32 0.29

Jan 2015 3   Fred Howard Winter 2.39 1.41 0.95

May 2015 3   Fred Howard Spring NA 0.12 0.07

Sep 2015 3   Fred Howard Autumn 0.27 0.43 0.93

Sep 2015 4   Weeki Wachee Autumn 1.20 1.09 0.88
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End-member normalized TA and DIC 

In addition to conventional salinity normalization methods, plots accounting for nonzero TA0 

and DIC0 end-member contributions to nTA and nDIC are shown for the autumn sampling (Fig. 18).  

Normalizing the TA and DIC based on non-zero end-members (Eqn. 2) produced similar regression slopes 

but sometimes different plotted points than normalizing by the conventional method (Eqn. 1).  The error 

associated with not accounting for an end-member in an environment such as Weeki Wachee is seen by 

the difference in range of the plotted points (units are μmol/kg-sw):  ~2050–2600 versus ~2600–3100 

for TA and ~1800–2300 versus 2300–2700 for DIC.  The end-member normalization is more accurate for 

the Weeki Wachee coastal area.  This difference in ranges may have a significant effect on vector plots 

which compare sampling points to an offshore oceanic end-member (e.g., Muehllehner et al., 2016).  

Considering that a typical offshore end-member (nTA = 2400 and nDIC = 2100 μmol/kg-sw) is lower than 

the coastal values seen in the Weeki Wachee area, a vector plot corrected for end-member contribution 

would occur in the upper right quadrant of a plot of nTA versus nDIC (see Muehllehner et al., 2016), the 

quadrant which represents negative NCC and negative NCP.  This would indicate an unhealthy 

environment for calcifying organisms, but this does not seem to be the case in the Weeki Wachee area.  

Decreasing TA and DIC with distance from shore produce results that do not conform to the usual 

pattern seen in salinity-normalized plots and thus create problems in comparing the sampling regression 

lines to an oceanic end-member.   

Plotting the four study sites for the autumn sampling together provides an interesting look at 

the difference in their slopes and allows for easier comparison of inconsistencies between the 

conventional normalization and end-member normalization.  As discussed earlier, Site 1 (Keys-KML) was 

assumed to have zero riverine contribution (TA0 = 0).  The TA0 values for sites 2, 3 and 4 presented in the 

section on riverine end-member contributions were modified slightly for this analysis of normalized TA 

versus DIC.  The TA0 calculated for Site 2 (Fort Desoto) in this study was statistically insignificant and, 
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considering the limited sources of freshwater input to the Fort Desoto lagoon, seems to be an 

overestimation; the value calculated by Yang et al. (2015a) for the Tampa transect was chosen instead 

(TA0 = 616 ± 130).  Samples from within the Weeki Wachee River and near the mouth of the river 

indicate that the TA0 for Site 4 (TA0 = 3807 ± 293) also seems to be an overestimation and, therefore, the 

value at the lower end of the standard error was chosen.  The predicted value of TA0 for Site 3 (Fred 

Howard Park) was not determined to be an overestimation, so the predicted value was used (TA0 = 1822 

± 196).  

The DIC end-member models for most of the study sites were not statistically significant, and so 

the DIC end-member values (i.e., DIC0) were computed as a ratio of the TA and DIC end-members 

(TA0/DIC0).  The mean TA/DIC ratio of spring and autumn (1.189) was used, and thus, the DIC° for each 

site was derived by dividing the TA0 by 1.189 to obtain the DIC0 values.   

 

 
 
Figure 18.  Normalized TA versus DIC by two different methods:  conventional (a) and end-member (b).  Sites are 
normalized to the maximum salinity for each site in both methods.  These plots highlight the large difference in 
slope between Weeki Wachee and the other sites.  Also, note the different values of the plotted points along the 
Weeki Wachee regression lines.  
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Tidal influences on semi-conservative and non-conservative properties of the carbonate system  

Dissolved Inorganic Carbon (non-conservative) typically has a broader diurnal range than Total 

Alkalinity (semi-conservative) and this characteristic seemed to produce more erratic results in DIC end-

member normalizations.  Looking at all four sites in all seasons (see Appendix E), the average sampling 

range in TA was 115 μmol/kg-sw.  The average sampling range in DIC was 225 μmol/kg-sw.  Looking at 

the ratio of sampling DIC ranges to TA ranges (ΔDIC/ΔTA), the ratio is as low as 0.86 and as high as 3.04 

(Weeki Wachee and Fort Desoto, respectively).  Interestingly, Weeki Wachee (in autumn) was the only 

site where the ΔDIC was smaller than the ΔTA.  The ratio of individual diurnal ranges at Weeki Wachee 

in autumn followed the same pattern, as well:  a ΔDIC/ΔTA ratio of 0.81 on the first day and 0.75 on the 

second.  A possible explanation for the low ratio of ΔDIC to ΔTA follows.   

In the Weeki Wachee coastal area, water flowing out of the river is higher in DIC and the pH is 

lower than that of the coastal waters; this condition equates to high concentrations of CO2(aq).  The river 

water mixes with coastal waters of lower [CO2(aq)].  Incoming tides of lower DIC and higher pH (relative 

to the riverine outflow) decrease the DIC, while outgoing tides of higher DIC and lower pH increase the 

DIC in the mixing zone.  The [CO2(aq)] is the most variable of the DIC constituents.  The Springs Coast 

exhibits a diurnal tidal cycle, and the high tide and low tide within a single 12-hour period (i.e., daylight 

sampling hours) can counter each other in a way that reduces the change in DIC (ΔDIC) relative to the 

change in TA (ΔTA).  In the particular situation seen during the two days of autumn sampling, an 

afternoon ebbing tide caused an increase in both DIC and TA.  However, as the tide was shifting from 

high to low throughout the daylight hours, photosynthesis was simultaneously decreasing the [CO2(aq)] 

portion of the DIC and slightly increasing the TA.  Thus, photosynthesis countered the increase in DIC, 

thereby reducing the ΔDIC during that day.  Regarding TA, though, photosynthesis causes a slight 

increase throughout the day which accentuated the ΔTA during the daylight hours. 
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Potential discrepancies associated with calculated carbonate saturation states  

The high alkalinity contributed by the Weeki Wachee River results in a TA-salinity relationship 

that seems to explain the comparably high Ω in the area despite lower TA to DIC ratios.  The data from 

spring, for example, shows Ω values in the morning at Site 4 (Weeki Wachee) that are higher than those 

of Site 3 (Fred Howard Park) and much higher than those of Site 2 (Fort Desoto) or 1 (Keys-KML) (see 

Table 4b).  The mean Ω for autumn is the second highest at Site 4, while its TA/DIC is the lowest (Table 3 

and Fig. 19).  The difference in the pattern of Ω as related to TA/DIC can be seen in the graphs of mean 

TA/DIC and mean Ω (Fig. 19c, d).  The TA to DIC ratio reflects the availability of ions needed for 

calcification and similarly the relative proportion of [CO3
2-] to [CO2(aq)].  Thus, pH and Ω are regulated by 

this ratio.  However, salinity also has a large effect on saturation states.  The thermodynamic solubility 

product constant (Ksp) for calcite and aragonite is strongly determined by salinity—much more so than 

by temperature, for example (Plummer & Busenberg, 1982; Mucci, 1983 in Pilson, 2013).  In the lower 

salinity waters of the Weeki Wachee coastal area, the magnitude of Ω(calcite) and Ω(aragonite) should be 

slightly higher than that predicted by programs like CO2SYS because the [Ca2+] found in Weeki Wachee 

Springs and nearby Salt Spring is high (Yobbi & Knochenmus, 1989) and, therefore, the [Ca2+] in the 

mixing zone should be proportionally higher for a given salinity than the predicted concentration based 

on typical salinity scaling in which [Ca2+] reduces to zero at zero salinity.   

The inshore areas of the Springs Coast have low salinity and high carbonate alkalinity (CA = 

[HCO3
-]T + 2[CO3

2-] T, the subscript T denotes total ionic concentration as opposed to free ionic 

concentration denoted by the subscript F) from the output of rivers and springs exiting the karst 

topography.  At lower salinity, there is less competition for the carbonate ion (higher free concentration, 

[CO3
2-]F) resulting in even higher carbonate ion activity in comparison to locations of normal salinity.  The 

continuous input of carbonate alkalinity from the coastal rivers, springs, and seeps likely benefits 

calcifying organisms.  Exploratory samples taken in August 2014 near Pine Island (slightly to the north 


