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Introduction
Florida’s karst geology is the basis for the existence of over 1,000 springs in the state. These aquatic ecosystems are a signature feature of the state and they attracted visitors and tourists before Florida became known for its beaches (Florida Springs Task Force, 2000; Scott et al. 2004). Two broad categories of Florida springs have been identified (Copeland, 2003): (1) seep springs, fed by seepage of water from shallow, surficial (“water table”) aquifers, and (2) vent springs, fed by artesian flow from the deeper Floridan Aquifer. The latter are what most people think of as a Florida spring and is the main focus of this chapter. Springs have been classified by their mean annual discharge or flow using the system first developed in Meinzer (1927); ranging from First magnitude (>100 ft3/second mean annual flow) to Eighth magnitude (<1 pint/minute). Florida springs have also been classified by base water chemistry (Slack & Rosenau, 1979; Woodruff, 1993), ranging from low ion (“soft water”) springs with minimal concentrations of dissolved salts and minerals to salt springs with high concentrations. One of the most noticeable characteristics of Florida springs and the streams which they create (spring-run streams) is the exceptional clarity of the water, allowing for abundant penetration of light energy which sustains the growth of dense beds of submerged aquatic vegetation (SAV), including rooted macrophytes and attached and free-living algae (Mattson et al., 2019; Odum, 1957). These SAV communities support diverse food webs of invertebrates, fish, turtles, and other fauna (Odum, 1957).
Over the past several decades, Florida springs have exhibited significant changes in hydrology, water quality, and biological integrity, as have many aquatic ecosystems in the state (both freshwater and marine). Many of these changes are driven by the substantial growth in the state’s human population; Florida is now the third most populous state in the U.S. The principal change in water quality has been significant increases in dissolved inorganic nitrogen as nitrate, typically measured as nitrate-nitrite nitrogen or NOx-N (Copeland et al. 2009; Katz, 2020). Associated with these increases in NOx-N have been changes in the SAV communities in springs and spring-run streams (hereafter “springs” for brevity), including replacement of rooted macrophytes by benthic filamentous algal mats and greater abundance of epiphytic, attached algae on the macrophytes (Florida Springs Task Force, 2000; Mattson et al., 2019). There is evidence that increased NOx-N may be responsible for these vegetation shifts (Cowell & Dawes, 2004; Stevenson et al., 2007), but there is also evidence that nitrogen is not a factor in these changes (Brown et al., 2008; Cohen et al., 2017; Heffernan et al., 2010). Other drivers influencing these vegetative shifts may be changes in current regimes due to alterations in spring flow (King, 2014; Reaver et al. 2019) or changes in grazer/ herbivore populations (Liebowitz et al. 2014). Whatever is driving these vegetation changes, they result in alterations to the food webs in springs (Camp et al., 2014; Mattson, 2009) and may legitimately be considered degradation of spring ecology.
The objectives of my analysis discussed in this chapter are:
· Review the existing stream literature for quantitative benthic algal targets proposed to protect stream ecology and/or human use;
· Compare these targets to quantitative algal data collected in a relatively recent (2015) study of 14 Florida springs to evaluate whether and how extensively algal abundance in these streams exceeds these targets;
· Provide suggestions on adoption of these targets for possible future use in management of Florida springs.
Derivation of Benthic Algal Targets in Streams - Review of the Literature
In Florida, the water quality standard for nutrients (mainly referring to nitrogen and phosphorus) is a narrative standard, reading in part, “The discharge of nutrients shall continue to be limited as needed to prevent violations of other standards contained in this chapter . . . In no case shall nutrient concentrations of a body of water be altered so as to cause an imbalance in natural populations of aquatic fauna and flora.” (Chapter 62-302.530(48)(a) & (b), Florida Administrative Code [FAC]).  In 2012, Florida adopted numeric nutrient criteria for inland waters as Chapter 62-302.531, FAC, “Numeric Interpretation of Narrative Nutrient Criteria”. This included adoption of a nitrate criterion of 0.35 mg/L for springs based on data showing quantitative relationships between NOx-N and algal abundance and taxonomic composition. It has been argued that chemical criteria, while important, are not enough to fully protect surface waters (Davis & Simon, 1995); these must be supplemented by biological criteria and metrics. Algae have been used for decades as biological indicators of water quality (Bellinger & Sigee, 2010). Use of algal abundance thresholds that constitute “nuisance” or an undesirable condition in lakes is well-established in lake management but has rarely been done for streams (Dodds et al., 1998). In the Florida numeric standards, N and P criteria for lakes are tied to water column Chlorophyll a (Chl a) concentrations.
Attached and benthic algae, collectively referred to as “periphyton”, are known to be useful as biological indicators of water quality (Rosen, 1995), but as noted above, establishment of abundance criteria for benthic algae has rarely been done in stream management. As a management tool, the importance of developing and adopting periphyton abundance criteria may be becoming more critical, as the proliferation of “nuisance” blooms of benthic, filamentous algae appears to be an increasing global phenomenon (Hudon et al., 2014; Paerl & Otten, 2013; Stevenson et al., 2007). When taxa of filamentous forms in the Cyanobacteria, Chlorophyta, or Xanthophyta become dominant in the periphyton, macroalgal mats may result from their proliferation. The choice of a threshold for algal abundance (periphyton or macroalgal mats) is dependent upon the specific resource value in a stream that is to be protected (Biggs, 1996). This could include water withdrawal (e.g., macroalgal mats clogging intakes), aesthetics (macroalgal mats look unsightly and produce objectionable odors), recreation (algal accumulation interfering with wading, swimming, or paddling watercraft), or ecological impacts (aquatic life impairment or habitat disruption).
When deriving targets based on biological criteria, an important foundation is establishing a reference condition (Davies & Jackson, 2006; Stoddard et al., 2006). The concept of “reference condition” means the state or status of an ecosystem used to evaluate the effects of human impact (Stoddard et al., 2006). In general, this equates to a natural background condition (in terms of ecosystem structure, composition, function, etc.) in the absence of human impact. There is a lack of historic quantitative data on algal abundance in springs, which makes determining a reference condition difficult. Some data on epiphytic algal abundance has been reported in Silver Springs (Odum, 1957), and this will be discussed in more detail below, but no data appear to exist for macroalgal mat abundance.
Algal abundance measures that could be considered in setting criteria may include percent (%) cover, Chl a “density” (as mass per unit area), or Dry Weight (DW) or Ash-Free Dry Weight (AFDW) as mass per unit area. Horner et al. (1983) suggested a nuisance Chl a value of 150 mg/m2 of periphyton, based on experiments in artificial stream channels and a review of maximum periphytic algal abundance levels reported in the stream literature (including spring-run streams in Missouri and Florida). Studies conducted in rocky northwestern US streams also concluded that a threshold of 150 mg/m2 Chl a constituted an aesthetic nuisance level of macroalgal growth, mainly by interfering with recreational fishing (Welch et al., 1988). This equated to a macroalgal coverage of about 20%. Biggs (1996), citing his own and others’ work in streams worldwide, suggested thresholds of 40% maximum cover of benthic filamentous algae, and/or maximum benthic algal standing crop of 100 mg/m2 Chl a or 40 g/m2 AFDW. The basis for these targets was broad and included constraining recreational use and aquatic life impairment.
Ecological impacts or aquatic life impairment may be the most compelling resource value for deriving stream periphyton quantitative criteria. Chl a criteria in lakes are mostly tied to ecological impacts, including light attenuation (effects on rooted, submerged macrophytes) and accumulation of dead algal cells on the lake bottom, resulting in anoxic or hypoxic conditions from decomposition (Brönmark & Hansson 1998). Excessive growth of epiphytic algae on the leaves of submerged macrophytes can reduce the amount of light energy reaching the “host plant”, with consequent negative effects, and there have been specific studies of this in Florida springs. Szafraniec (2014) found that epiphyte growth on the leaves of Sagittaria kurziana could intercept 20-75% of the incident light reaching the blades in the Rainbow and Weeki Wachee Rivers (spring-run streams in west-central Florida). This reduction is in addition to any water column attenuation of light, potentially resulting in substantial cumulative reductions of light energy available for macrophyte growth and proliferation. Additionally, Szafraniec’s work found that the epiphytes were particularly efficient at intercepting light in the blue range of the spectrum, a wavelength that also appeared important for the growth and persistence of Sagittaria. 
Guan et al. (2020a) found that excessive accumulation of epiphytic algal growth on blades of Vallisneria americana in the Chassahowitzka River (also a spring-run stream in west central Florida) resulted in reductions in light reaching the leaves of 12.8-95.5%, similar to the results of Szafraniec. In subsequent work, Guan et al. (2020b) documented changes in growth and physiology of Vallisneria due to excessive epiphytic algal accumulation on the leaves. Chen et al. (2007) documented changes in physiology and reduced production due to epiphyte accumulation on leaves of the submerged macrophyte Potamogeton crispus in mesocosm experiments. Based on their results, Guan et al. (2020b) proposed an epiphyte burden of 4-5 mg Dry Weight (DW)/cm2 of leaf surface to be an unacceptable level of algal growth in locations receiving full sunlight, and in locations more heavily shaded by the riparian tree canopy thresholds for algal abundance were an order of magnitude lower: 0.4-0.8 mg DW/cm2 of leaf area. 
Quantitative criteria for periphyton may also be developed based on impacts on fauna and/or food webs. A review of the literature and existing data relating benthic macroinvertebrate community characteristics to benthic algal abundance in Florida springs concluded that while some invertebrate community characteristics (taxa richness and abundance) were increased by more abundant algae, others (diversity, eveness, and the % dominance index) declined (Mattson 2009). Camp et al. (2014) saw similar trends in small fish and invertebrate communities in a comparison of macrophyte beds versus macroalgal mats in the spring-fed Homosassa and Chassahowitzka Rivers (higher density but reduced diversity in the algal mats). “Threshold” criteria for algal abundance could not be derived from these algal/invertebrate relationships, but these could be useful for algal criteria development in conjunction with other thresholds, such as those proposed earlier.
Changes in both algal and macroinvertebrate species composition may also be important in deriving quantitative criteria for periphyton. Mattson (2009) found that more sensitive benthic invertebrate groups, such as the “EPT” taxa (Ephemeroptera, Plecoptera, and Trichoptera; mayflies, stoneflies, and caddisflies, respectively), generally dropped out of the invertebrate community with increasing relative abundance of Cyanobacteria and Chlorophyta in the benthic algal community in Florida springs (as indicated by the EPT Score). These two algal Divisions contain many of the filamentous taxa that can form extensive mats of macroalgae. In contrast, the EPT score increased with increasing relative abundance of diatoms in the periphyton community in springs (Mattson 2009). Power (1990) also found that benthic macroalgal mats supported fewer taxa of mayflies and stoneflies and were more dominated by chironomid midges, reflecting that macroalgal mats may only be preferred as habitat by a few, more tolerant invertebrate groups.
Comparison of Algal Targets to Selected Florida Spring-Run Streams
Algae have always been an important component of the SAV (primary producer) communities in Florida springs (Whitford, 1956). As with algal proliferation due to cultural eutrophication in lakes, the algae have always been present, but one or more environmental factors have changed their relative abundance and taxonomic composition in the SAV community, such that they cause a “nuisance” or environmental problem. To evaluate the current abundance of algae in Florida springs and assess whether these constitute a nuisance level, algal data from a recent study of 14 springs in north and central Florida (Table 1) conducted in 2015 were compared with some of the criteria discussed in the prior section. This study used quantitative methods to sample algal cover (%), Chl a (mg/m2) and AFDW (g/m2). Sampling was conducted in the spring and fall of 2015 (AMEC, 2016; Mattson et al., 2019).
Of the 14 springs, 9 had macroalgal mats present at the transect sites sampled. Macroalgal maximum abundance data were compared with the criteria Biggs (1996) proposed (Table 2). All 9 springs exceeded at least one of the Biggs criteria in at least one season (spring or fall 2015). Six of the 9 springs exceeded at least one of the Biggs criteria in both seasons (Table 2). Mats were dominated by filamentous taxa in the Cyanobacteria (primarily Microseira [formerly Lyngbya] wollei), Chlorophyta  (Rhizoclonium heiroglyphicum, Dicotomosiphon sp., Cladophora glomerata, or Hydrodictyon sp.), and/or Xanthophyta (Vaucheria sp.). Many of these taxa are regarded as “nuisance” taxa in streams due to their propensity to form extensive mats (Biggs, 1996; Hudon et al., 2014; Stevenson et al., 2007).

Table 1. Spring-run streams and sampling transect identifiers in the SJRWMD 2015 Study. See Mattson et al. (2019) for description and site location coordinates.
	Stream System
	Upstream Transect
	Downstream Transect
	Spring
Magnitude
	Spring
Chemistry

	Alexander Springs Creek
	ALE1
	ALE2
	1
	Mixed

	Volusia Blue Spring Run
	VOL1
	-
	1
	Salt

	Gum Slough
	GUM1
	GUM2
	2
	Calcium/Bicarb

	Ichetucknee River
	ICH1
	ICH2
	1
	Calcium/Bicarb

	Juniper Creek
	JUN1
	JUN2
	2
	Low ion

	Manatee Spring Run
	MAN1
	-
	1
	Calcium/Bicarb

	Rainbow River
	RAI1
	RAI2
	1
	Calcium/Bicarb

	Rock Springs Run
	ROC1
	ROC2
	2
	Calcium/Bicarb

	Silver River
	SIL1
	SIL2, SIL3
	1
	Calcium/Bicarb

	Silver Glen Spring Run
	SLG1/SILG1
	-
	1
	Salt

	Wacissa River
	WAC1
	WAC2
	1
	Calcium/Bicarb

	Wakulla River
	WAK1
	WAK2
	1
	Calcium/Bicarb

	Weeki Wachee River
	WEE1
	WEE2
	1
	Calcium/Bicarb

	Wekiva River
	WEK1
	WEK2
	2
	Calcium/Bicarb






Table 2. Comparison of maximum macroalgal abundance measures of the nine springs from the 2015 survey that exceeded benthic algal criteria proposed by Biggs (1996). Bold text indicates exceedance of Biggs criteria; shaded cell indicates exceedance in both seasons.
	
	Max Cover (%)
Spring/Fall
	Max Chl a
(mg/m2)
Spring/Fall
	Max AFDW
(g/m2)
Spring/Fall

	Alexander Springs Creek
	78 / 60
	1,509.0 / 400.0
	262.5 / 65.6

	Volusia Blue Spring Run
	85 / 90
	58.2 / 55.2
	62.5 / 46.9

	Gum Slough
	-- / 85
	-- / 145.2
	-- / 39.1

	Manatee Spring Run
	100 / 100
	94.4 / 226.4
	27.5 / 21.4

	Rainbow River
	89 / 15
	890.0 / 250.2
	118.8 / 35.27

	Rock Springs Run
	2.5 / --
	145 / --
	56.3 / --

	Silver Glen Spring Run
	98 / --
	1,127.0 / --
	262.5 /--

	Wakulla River
	99 / 55
	168.2 / 1,008.1
	22.5 / 332.8

	Weeki Wachee River
	30 / 45
	323.7 / 1,123.0
	181.3 / 131.3

	Biggs’ Criteria
	<40% Max seasonal cover
	<100 mg/m2 to protect other aquatic life
	<40 g/m2 AFDW



Almost no historic data exist to evaluate what constitutes a “natural background” or reference condition for macroalgal abundance in Florida springs. Odum (1957) references the occurrence of macroalgal mats in Silver Springs, but he indicates that they were so uncommon/low abundance that he did not include them as a component of the primary producer community. Extensive areas of macroalgal mat do presently occur in the Silver Springs main headspring and these were sampled by Quinlan et al. (2008). They reported a mean macroalgal dry weight of 381 g/m2 in winter 2003 and 641 g/m2 in summer 2004. Using a conversion factor from DW to AFDW of 0.35 (Mattson unpublished data), this equates to 133.4 and 224.4 g/m2 AFDW, both of which exceed the Biggs criteria and appear to be substantially higher than what Odum measured in the 1950s (although he did not report macroalgal abundance data). Silver Springs was sampled in the 2015 study but the transects were dominated by rooted macrophytes with attached epiphytes and macroalgal mats were not present at the transects. Whitford (1956) mentions the occurrence of mats of filamentous Chlorophyta and the cyanobacterium M. wollei in the Florida springs he sampled but does not mention their abundance or frequency of occurrence. A complicating factor in making these comparisons is the high degree of temporal and spatial variability in algal abundance in streams; e.g. no macroalgal mats were present at Gum Slough in spring but they were there in fall (Table 2), and similarly Rock Springs Run and Silver Glen Spring Run did not have mats in the fall but did support fairly extensive mats in spring 2015 (Table 2).
Of the 14 springs sampled in 2015 (Table 1), sampling transects at 12 of these supported rooted submerged macrophytes with attached epiphytic algae. Comparison of epiphyte abundance data with the threshold criteria proposed by Guan et al. (2020b) is shown in Figure 1. Their DW data were converted to AFDW using a conversion factor of 0.35 (Mattson unpublished data) and then converted to g/m2. In spring, one transect each in Gum Slough, Ichetucknee River, and Rainbow River exceeded their thresholds for sites in full sunlight (14-17.5 g/m2 AFDW). Almost all of the transects exceeded the threshold for shaded sites in spring (1.4-2.8 g/m2 AFDW, Figure 1). In the fall, epiphyte abundance was generally reduced at many transects (Figure 1), and one transect (the same Gum Slough transect) exceeded the full sun thresholds. Many transects still exceeded the shaded site threshold in the fall (Figure 1).
As seen for macroalgal mats, epiphytic algal abundance exhibited appreciable spatial and temporal variability. This complicates assessment of trends. Figure 2 shows the AFDW data from the 2015 study compared with similar AFDW epiphyte data collected in an earlier study (GreenWater Labs, 2010) from a similar location in Alexander Springs Creek, just downstream of the headspring. AFDW varied widely, but rarely reached or exceeded the algal thresholds for full sun (Figure 2). Conversely, most of the time AFDW did equal or exceed the thresholds for shaded sites (Figure 2).
Also, like the macroalgal data, there are few historic data for comparison to indicate a background or reference condition. Odum (1957) did report epiphyte dry weight data for Silver Springs. Some calculations had to be done to make his data comparable to what we report here; after these adjustments, Odum’s estimate was 2.7 g/m2 AFDW (all that is available is an overall mean value; I could not obtain his actual replicate data). The 2015 study measured from 2.08-12.89 g/m2 (mean 6.05 g/m2) AFDW in the same area Odum sampled in Silver Spring, so these data would suggest that epiphyte AFDW 
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Figure 1. Plots showing mean epiphytic algal AFDW at transects in the 2015 survey compared with the abundance thresholds derived by Guan et al. (2020b).

[image: ]Figure 2. Mean epiphytic algal AFDW at a site on Alexander Springs Creek over time compared with the thresholds derived by Guan et al. (2020b: 14-17.5 in sunlight; 1.4-2.8 in shade). 2007-2009 data from GreenWater Labs (2010)

currently is higher than the historic condition, and a “reference” standing crop for algal epiphytes of <3 g/m2 AFDW is proposed here for consideration. Based on the targets proposed in Guan et al. (2020b), this would be well below the full sun-site criteria, but slightly above the shaded-site criteria.
In contrast to looking at measures of algal abundance, the relative composition of the algal community could provide some quantitative criteria for benthic algae in springs related to impacts on fauna. Mattson (2009) obtained springs macroinvertebrate and algal composition data from the Florida Department of Environmental Protection bioassessment program. There was a significant negative correlation between the abundance of Cyanobacteria and Chlorophyta and the invertebrate EPT Index (Figure 3). While the variability in this relationship indicates there are other factors influencing the EPT Index score, distinct thresholds can be seen, with most of the higher scores (>6) dropping out above 20%, and the EPT taxa essentially gone from the community above 40% Cyanobacteria and Chlorophyta (Figure 3).
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Figure 3. Correlation comparison of the EPT Index score and % Cyanobacteria and Chlorophyta in the periphyton community. Data from FDEP bioassessment program.

Discussion and Conclusions
In this chapter, I presented benthic algal abundance targets proposed in the stream literature and applied them to a data set collected from 14 springs in Florida to evaluate their applicability for setting algal abundance criteria in Florida springs. In some cases, the proposed targets were developed for temperate, rocky-bottom streams (Welch et al., 1988), or from streams in more northern climates (Biggs, 1996), but some of these targets were developed specifically in Florida spring systems (Guan et al., 2020b), or included data collected in Florida springs (Horner et al., 1983).
Florida does not currently have standards or guidelines for thresholds of benthic algal abundance in springs, but the Florida Department of Environmental Protection is evaluating the need for more quantitative monitoring of epiphytic and benthic algae in springs to support water quality management efforts (Mary Paulic, Fla. Department of Environmental Protection pers. comm.). The analysis in this chapter may provide some additional guidance in terms of “desired future conditions” for epiphyte and benthic algal abundance in springs.
The epiphytic algal thresholds developed by Guan et al. (2020b) are directly applicable to Florida springs, since they were developed in one, and are considered a good criterion to use for setting targets for epiphyte abundance on submerged macrophytes. Setting targets for macroalgal abundance is still going to need additional work and consideration. The % cover, Chl a, and AFDW targets suggested by Biggs (1996; see Table 2) seem to have broad applicability to streams, as these were developed using a broad range of streams worldwide and considered a variety of environmental values to be protected. These might be adopted as interim criteria for macroalgal abundance in Florida springs. Highest macroinvertebrate diversity (Shannon Index) and evenness were seen at < 40 g/m2 AFDW on snags in the Ichetucknee River (Mattson, 2009), suggesting that the Biggs criteria may be useful/applicable for Florida springs. Supplemental criteria could include the relative abundance of the algal taxa generally regarded as “nuisance” taxa (Cyanobacteria, Chlorophyta, and/or Xanthophyta) with thresholds of 20-40% composition of the algal community (Figure 3 in this chapter;  Mattson, 2009).
Some of the springs sampled in the 2015 study are considered “reference” springs in regards to their water quality; their NOx-N concentration is at or near the natural background of 0.05 mg/L NOx-N defined by the Florida Geological Survey (Scott et al., 2004); these are Juniper Creek, Alexander Springs Creek, and Silver Glen Spring Run. But biologically these may not be good candidates for a reference condition because they receive a considerable amount of recreational impact or have been modified to some extent. They also differ in their base water chemistry, with Juniper Spring being a low-ion spring, Alexander Spring is a mixed spring, and Silver Glen Spring is a salt spring (Woodruff, 1993). The SAV community in Silver Glen Spring Run regularly contains extensive mats of macroalgae, Alexander Springs Creek occasionally exhibits blooms of macroalgal mats, and Juniper Creek rarely develops macroalgal mats. Studies evaluating algal abundance in relation to base chemistry have not yet been done.
Additional research and long-term monitoring of SAV communities in springs is needed to help refine these targets. As noted earlier, proliferation of nuisance algal blooms in freshwater ecosystems, including Florida springs, is an emerging global issue (Hudon et al., 2014; Paerl and Otten, 2013; Stevenson et al., 2007). Whatever environmental drivers are promoting this trend, targets for algal abundance need to be adopted that result in reduced or minimal impacts to human use and ecological integrity. Additional research is also needed on the relationships between algal proliferation and other aquatic ecosystem characteristics (faunal communities, ecosystem productivity, etc.) to develop appropriate algal targets. These biological criteria can supplement and help support other criteria, such as water quality standards (concentration targets) or hydrologic/instream flow standards.
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