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Xincun Lagoon and Li’an Lagoon are typical tropical lagoons containing unique seagrass meadow and mangrove forest ecosystems. However, nutrient pollution from human activities threatens ecosystem health in these areas. A year-long bimonthly survey was carried out to study the bioavailability of organic nutrients through hydrolysis of the extracellular enzymes β-glucosidase (GLU), leucine aminopeptidase (LAP), and alkaline phosphatase (AP) in the two lagoons. The results showed that the nutrient statuses in Xincun Lagoon and Li’an Lagoon were highly variable and enriched with organic nutrients, especially nitrogen. Organic nitrogen and phosphorus were actively recycled in the lagoons through active LAP and AP hydrolysis. The enzyme activities were mostly produced by particulate-associated bacteria and were positively regulated by the existence of organic nutrients. The enzymatic stoichiometry results indicated the importance of dissolved proteins and aminopolysaccharides as sources of both carbon and nitrogen and a potential phosphorus limitation on microbial growth in the lagoons. Our results emphasized the importance of EEAs in the recycling of organic nutrients and the potential influence of enriched organic nutrients on both microorganisms and plants in Xincun Lagoon and Li’an Lagoon.
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Introduction

Seagrass meadows, mangrove forests, and salt marshes are highly effective at sequestering and storing carbon dioxide and are thus considered coastal blue carbon ecosystems (Nellemann et al., 2009; Mcleod et al., 2011). In addition to the storage of carbon and thus the mitigation of climate change, blue carbon ecosystems also play important roles in protecting coastal communities from harmful impacts, such as rising seas, flooding and water pollution, and provide important habitats for marine organisms (Pendleton et al., 2012). Unfortunately, these blue carbon ecosystems have been degraded due to direct or indirect anthropogenic impacts, such as reclamation, deforestation, engineering and urbanization, transformation to aquaculture ponds, and climate change, at a critical rate; an estimated one-third of the global total area has been lost over the past several decades (Mcleod et al., 2011; Pendleton et al., 2012). Given the importance of carbon sequestration and storage in vegetated coastal ecosystems, many countries and areas are beginning to implement blue carbon restoration projects (Wylie et al., 2016).

Xincun Lagoon and Li’an Lagoon are located on the coast of southern Hainan Island in the South China Sea and are typical tropical lagoons. Due to the species abundance, wide distribution and optimal growth of seagrass in these lagoons, the first provincial seagrass-type specific nature reserve was established for the lagoons in 2007. In addition, large-scale mangrove forests and coral reefs were distributed in these lagoons (Fang et al., 2018). However, with the rapid development of aquaculture in recent decades, large-scale mangrove areas have been converted to shallow-water fish farms and cages (Richards and Friess, 2016; Herbeck et al., 2021). The existing mangrove forest area in the two lagoons was only approximately 20% of that in the 1980s. Large amounts of untreated aquaculture sewage are directly discharged into the sea and pollute adjacent environments (Fang et al., 2020; Herbeck et al., 2020). The disappearance of mangrove forests further weakens the self-purification ability of water bodies. Moreover, runoff from terrestrial agriculture and domestic wastewater activities has intensified the pollution problem in lagoons (Fang et al., 2020). The ecosystems in Xincun Lagoon and Li’an Lagoon suffer from continuous and serious degradation, and many habitats in the lagoons are strongly affected; seagrass meadows suffer reductions in their areas and biomass, mangrove forests are fragmented into patches, and coral reefs no longer exist (Fang et al., 2018).

Eutrophication is the most concerning ecological problem in Xincun Lagoon and Li’an Lagoon (Liu et al., 2017; Fang et al., 2019). It is clear that nutrient pollution has put great pressure on seagrass meadows and mangrove forests in the two lagoons (Liu et al., 2020; Fang et al., 2020). Nutrients from shallow-sea cage aquaculture activities, which are enriched with high amounts of NH4+ and DON, and runoff mainly from agricultural activities and untreated domestic wastewater in the basin which are enriched with DIN, especially NO3−, account for almost all of the total nutrient input to Xincun Lagoon and Li’an Lagoon (Zhang et al., 2018; Fang et al., 2020). The two lagoons are enriched with both inorganic and organic nutrients, and the amount of organic nutrients might be times that of inorganic nutrients (Liu et al., 2016; Liu et al., 2020). Organic nutrients have often been correlated with an increase in harmful algal blooms in recent years (Glibert and Burford, 2017). Xincun Lagoon was chosen as the only national red tide monitoring area on Hainan Island due to frequent pelagic blooms (Lu et al., 2016). A toxic benthic dinoflagellate bloom attached to seagrass was reported in Xincun Lagoon in 2019 (Zou et al., 2020). Liu et al. (2020) suggested that increasing organic nutrient loads promoted blooms of epiphyte, phytoplankton, and macroalgae in seagrass meadows in lagoons. The potential influence of organic nutrients on primary production in Xincun Lagoon and Li’an Lagoon is worth noting. It is well-known that organic nutrients should be hydrolyzed by extracellular enzymes into low-molecules (< 600 Da) before they can be taken up directly by microorganisms and plants (Obayashi and Suzuki, 2005). Liu et al. (2017) observed active extracellular enzyme activities (EEAs) associated with carbon cycling (polyphenol oxidase, invertase, and cellulose) in the sediment of Xincun Lagoon. However, the lability and bioavailability of organic nutrients through EEAs in water bodies of coastal lagoons are largely unknown.

In the present study, the activities of three extracellular enzymes, β-glucosidase (GLU), leucine aminopeptidase (LAP), and alkaline phosphatase (AP), which play crucial roles in the hydrolysis of dissolved organic carbon (C) (DOC), dissolved organic nitrogen (N) (DON), and dissolved organic phosphorus (P) (DOP) (Sinsabaugh and Follstad Shah, 2012; Ayo et al., 2017) were analyzed along with their contributions from different size fractions. In the present study, enzyme-hydrolysable DOP was further studied to analyze its bioavailability. The objective of this study was to provide a comprehensive view of the activities of extracellular enzyme activities (EEAs) and their potential regulating factors in lagoons. The findings of the present study aim to contribute to a better understanding of bioavailability of organic nutrients and their possible influence on both microorganisms and plants in Xincun Lagoon and Li’an Lagoon.



Materials and Methods


Study Area and Sampling

Xincun Lagoon and Li’an Lagoon are located in southeastern Lingshui County along the coast of Hainan Island, covering the area from N 18°22’–18°47’ and from E 109°45’–110°08’ (Figure 1). Xincun Lagoon and Li’an Lagoon are approximately 22.5 and 7.9 square kilometers, respectively, and are nearly enclosed and connected with the South China Sea through narrow mouths. Xincun Lagoon has an average water depth of 4.2 m with a tidal range of 0.69 m, whereas Li’an Lagoon has an average water depth of 5.5 m with a tidal range of 0.65 m (Gu et al., 2016; Huang et al., 2020). In Xincun Lagoon, mangroves are mainly distributed in the northern part, with an area of 1.48 km2, whereas seagrasses are mainly distributed in the southern part, with an area of 3.28 km2. In Li’an Lagoon, seagrasses are distributed around the lagoon with an area of 0.93 km2. There are fish cages near the mouth of Xincun Lagoon and at the eastern section of Li’an Lagoon. The aquaculture areas in Xincun Lagoon and Li’an Lagoon are more than 3.2 km2 and 2.4 km2 respectively. The sediments of the lagoons are sand-mud type (Gu et al., 2016). Located on the southern side of Xincun Lagoon, Nanwan Monkey Island is the only island nature reserve of macaque primates in the world and hosts nearly 400 tropical plant species and nearly 100 animal species.




Figure 1 | Sampling stations (A–D) in the coastal lagoons of southeastern Hainan Island in the South China Sea. Sampling was conducted once every two months from December 2018 to December 2019.



In the present study, station A was established in the northern mangrove forest, and station B was set at the southern seagrass meadow in Xincun Lagoon. Station C was set at the eastern seagrass meadow in Li’an Lagoon. Station D, as a control, was set outside the lagoons within a coral reef area near the southeastern coast of Nanwan Monkey Island. Sampling was carried out every two months during the neap tide period (normally during 10:00 a.m.–16:00 p.m.) of each sample month from December 2018 to December 2019. Surface water (at a depth of 0.5 m, and approximately 0.5–1 m above the sediment) was collected using 5-L Niskin samplers.



Hydrological Parameters and Nutrient Analysis

A YSI 6600 Multiparameter Water Quality Sonde (YSI Incorporated, Ohio, USA) was used to obtain the temperature, salinity, dissolved oxygen (DO), and pH at each station. The machine was effectively calibrated before each sampling.

The samples used for the nutrient analysis were filtered through Whatman GF/F filters (450°C, 2 h) and frozen at ‒20°C until they were analyzed in the laboratory in the following month. The NO3‒, NO2‒, NH4+, and dissolved inorganic silicon (DSi) concentrations were analyzed colorimetrically using an FIA automated ion analyzer (QC 8500 Series 2, Lachat, Colorado, USA; Fiz et al., 1998). The concentration of dissolved inorganic N (DIN) was calculated as the sum of NO3‒, NO2‒, and NH4+. The concentration of total dissolved N (TDN) was determined after wet oxidation with alkaline K2S2O8 (Hansen and Koroleff, 1999). The concentration of DON was calculated by subtracting DIN from TDN.

The P nutrient concentrations were measured manually in triplicate. The concentration of dissolved inorganic P (DIP) was determined using the molybdenum blue method described by Valderrama (1995). Total dissolved P (TDP) was analyzed according to Jeffries et al. (1979) by employing acid potassium persulfate (K2S2O8). The DOP concentration was calculated by subtracting DIP from TDP. Alkaline phosphatase (AP)-hydrolysable DOP (also named labile DOP, DOPL) was measured according to the method of Hashihama et al. (2013). In triplicate, 10-ml samples were incubated with 100 µl of 100 U mL−1 purified bovine intestine AP and 100 µl of 0.5 mol l−1 sodium azide in the dark for 4 h at 35°C. The DOPL concentration was calculated as the difference between the DIP concentrations released before and after the addition of purified AP. All P nutrient analyses were measured by a spectrophotometer (Hitachi U-2910, Tokyo, Japan) at 882 nm.



Extracellular Enzyme Activity Assays

The seawater was filtered through a 200-µm filter to remove large zooplankton. The GLU activity (GLUA), LAP activity (LAPA), and AP activity (APA) were measured in triplicate according to the method of Hoppe (1993), and modified as described by Chróst & Velimirov (1991). The seawater was unfiltered or filtered through 0.22-µm and 2-µm polycarbonate filters under < 100-mmHg pressure; thus, the enzymes were divided into free (< 0.22 µm), pico- (0.22–2 µm), and nano- (> 2 µm) size fractions. The seawater samples (1.8 ml) were introduced to 200 µl of 4-methylumbelliferyl β-D-glucopyranoside, L-leucine-7-amino-4-methylcoumarin hydrochloride or 4-methylumbellifery phosphate substrate at final concentrations of 100 µmol l−1, 200 µmol l−1, and 25 µmol l−1 and incubated in the dark at 30°C for 2 h. The samples were frozen at ‒20°C until the analyses of fluorescence using a HITACHI (F–4600) spectrofluorometer (Tokyo, Japan) in the laboratory. The excitation and emission wavelengths corresponding to LAPA were set at 380 nm and 440 nm, respectively. For both GLUA and APA, the excitation and emission wavelengths were set at 365 nm and 455 nm, respectively. Sterile seawater supplemented with the corresponding substrate was used as the control. Calibration was performed with 7-amino-4-methyoxyethanol ranging from 0–1000 nmol l−1 for LAPA and 4-methylumbelliferone ranging from 0–500 nmol l−1 for GLUA and APA.



Data Analysis

One-way ANOVA was performed to compare the differences among the parameter sets obtained at different stations using Tukey’s test, where a p value of 0.05 was regarded as significant. Spearman correlation and multiple stepwise linear regression tests were also applied to analyze the relationships between EEAs and environmental parameters.




Results


Hydrological Parameters

The temperature measurements were lowest in December (22.6–25.3°C), increasing gradually until April and then fluctuating near 28.0–31.3°C during April and October (Table 1 and Figure S1A).


Table 1 | Environmental variables measured during a survey round of one year in the coastal lagoons of southeastern Hainan Island.



The salinity measurements varied from 30.29–32.70 in the study area (Figure S1B). Relatively low salinity values (< 31) were observed at Stations A, B, and D in June and/or August.

The DO measurements at Stations A and B varied greatly among different months, being lowest in June (at 3.53 mg l−1 and 3.48 mg l−1, respectively) and highest in August (at 10.67 mg l−1 and 10.76 mg l−1, respectively) (Figure S1C). The DO measurements at Stations C and D did not change extensively, and the lowest values were also observed in June at 5.28 mg l−1 and 5.33 mg l−1, respectively.

The pH measurements varied from 7.80 to 8.88, with relatively low values observed in the last two observed months in the study area (Figure S1D).



Nutrients

The DIN varied from 2.27 µmol l−1 to 18.30 µmol l−1 in the study area (Table 1 and Figures 2A–D). The DIN was relatively high in June, August, and/or December. The DON varied from 7.03 µmol l−1 to 93.47 µmol l−1 (Figures 2E–H). At Stations A and B, the DON increased greatly in August. DIP varied between 0.08 µmol l−1 and 1.98 µmol l−1 (Figures 2I–L). The DIP values lower than 0.1 µmol l−1 were observed at Station C in August and at Station D in February and April. The DOP and DOPL varied between 0.21–1.33 µmol l−1 (Figures 2M–P) and 0.03–0.63 µmol l−1 (Figures 2Q–T), respectively. Relatively low organic phosphorus values were observed in the last two observed months. The DOP value at Station C was significantly higher than that at Station D (p < 0.05). The DSi values were in the range of 2.98–21.58 µmol l−1, and the value at Station A was significantly higher than those at Stations B and C (p < 0.05) (Figures 2U–X).




Figure 2 | Variations in the concentrations of dissolved inorganic nitrogen (DIN) (A–D), dissolved organic nitrogen (DON) (E–H), dissolved inorganic phosphorus (DIP) (I–L), dissolved organic phosphorus (DOP) (M–P), dissolved labile organic phosphorus (DOPL) (Q–T), and dissolved inorganic silicon (DSi) (U–X) at Stations A–D. DOPL is the hydrolyzable form of DOP derived by commercial alkaline phosphatase. Sampling was conducted once every two months from December 2018 (*Dec) to December 2019 (Dec).



At most times, NH4+ was the main form of inorganic N (Figure 3A), but NO3− increased significantly and became the major inorganic N form in August (Figure 3B). On average, DON and DOP represented 72.3–82.3% (Figure 3C) and 40.4–63.9% (Figure 3D) of TDN and TDP, respectively, and DOPL contributed 34.9–57.9% to DOP (Figure 3E). The DIN : DSi ratios varied from 0.7 to 2.9 (Figure 3F). The DIN : DIP ratios at Stations A and B were lower than 12 at most times, whereas those at Station D were higher than 32 at most times  (Figure 3G). The DIN : DIP ratio with an extremely high value of 141.1 ± 73.1 was observed at Station C in August. The TDN : TDP ratios varied from 8.2 to 55.3, with most values higher than 22, especially at Station D (Figure 3H).




Figure 3 | Variations in the nutrient ratios at Stations A–D Contribution (%) of NH4+ to dissolved inorganic nitrogen (DIN) (A); contribution (%) of NO3− to DIN (B); contribution of dissolved organic nitrogen (DON) to total dissolved nitrogen (TDN) (C); contribution (%) of dissolved organic phosphorus (DOP) to total dissolved phosphorus (TDP) (D); contribution (%) of dissolved labile organic phosphorus (DOPL) to DOP (E); DIN: dissolved inorganic silicon (DSi) ratio (F); DIN : DIP ratio (G); and TDN : TDP ratio (H). DOPL is the hydrolyzable form of DOP derived by commercial alkaline phosphatase. Sampling was conducted once every two months from December 2018 to December 2019.





Extracellular Enzyme Activities

The total GLUA varied from undetectable to 37.85 nmol l−1 h−1 in the study area, and most values at Station D were significantly lower than those at Stations A, B, and C (p < 0.01) (Figure 4A). Most high total GLUA values (> 10 nmol l−1 h−1) were observed at Stations A, B, and C in February, April, and August. GLUA in different size fractions varied with time and with stations. At Station C, the total GLUA was contributed most by the picosized fraction (72.3%) in February, but this role changed to the nanosize fraction (75.8%) in April. In most cases, the nanosized GLUA was the main contributor to the total GLUA, with average bimonthly percentages of 66.8 ± 24.0%, 66.0 ± 29.0%, 62.8 ± 25.8%, and 84.4 ± 16.4% at Stations A, B, C, and D, respectively.




Figure 4 | Temporal distributions of (A) β-glucosidase activity, (B) leucine aminopeptidase activity, and (C) alkaline phosphatase activity (unit: nmol l−1 h−1) in the coastal lagoons of southeastern Hainan Island. Nanosized, > 2 µm; picosized, 0.22–2 µm; and free-sized, < 0.22 µm. Sampling was conducted once every two months from December 2018 (*Dec.) to December 2019 (Dec.). The × symbol denotes stations with undetectable activity. Filled black circles denote values of the enzyme activities in five levels.



The total LAPA ranged from 35.84–1328.28 nmol l−1 h−1 in the study area (Figure 4B), with bimonthly averages of 346.64 ± 325.05, 470.48 ± 476.95, 384.99 ± 181.65, and 244.63 ± 480.04 nmol l−1 h−1 at Stations A, B, C, and D, respectively. The total LAPA at Station D was significantly lower than that at any other station in the same month except December of the first study year and August (p < 0.01). The total LAPA values at Stations A, B, and D were maximized in August, at 1040.59 ± 6.39, 1426.78 ± 5.87, and 1328.28 ± 2.30 nmol l−1 h−1, respectively, whereas that at Station C was maximized in December of the second study year, with a value of 596.78 ± 0.45 nmol l−1 h−1. The nanosized LAPA contributed most to the total LAPA (> 60%) most of the time at Stations A, B, and C.

The total APA varied between 3.91–632.66 nmol l−1 h−1 in the study area (Figure 4C), with bimonthly averages of 98.08 ± 74.45, 165.24 ± 187.06, 191.45 ± 214.38, and 85.19 ± 157.74 nmol l−1 h−1 at Stations A, B, C, and D, respectively. Additionally, the total APA at Station D was significantly lower than that at any other station at all times except in December of the first study year (p < 0.01). The total APA at all stations was relatively low in June, October, and December of the second study year. The highest total APA values were observed in August for Stations A, B, and D, with values of 211.09 ± 3.25, 575.59 ± 2.52, and 432.45 ± 9.68 nmol l−1 h−1, respectively; the corresponding value occurred in February for Station C, with a value of 632.66 ± 13.21 nmol l−1 h−1. The nanosized APA was the main contributor to the total APA, with bimonthly average percentages of 49.0 ± 17.2%, 56.4 ± 20.7%, 57.7 ± 10.4%, and 34.0 ± 22.6% at Stations A, B, C, and D, respectively.

All the GLUA : LAPA and GLUA : APA ratios were lower than 0.05 and 0.11, respectively (Figure S2A, B). The LAPA : APA ratios varied between 0.70 and 10.42 in the study area, with bimonthly averages of 4.36 ± 2.64, 3.17 ± 1.78, 4.30 ± 3.74, and 3.97 ± 1.37 at Stations A, B, C, and D, respectively (Figure S2C).



Relationships Between EEAs and Environmental Parameters

Contents of DO, DON, and DOP played the most important roles in regulating EEAs with different size fractions (Table S1). Total GLUA was positively correlated with DO (p < 0.05) and DOP (p < 0.01), and these two parameters explained 40.5% of the variation in total GLUA (p < 0.01) (Table 2). Total LAPA showed positive correlations with DO, NO3−, DON, and DOP (p < 0.05 or 0.01), and the nanosized LAPA showed positive correlations with DON and DOP (p < 0.01), among which DON was the most important and explained 45.5% and 50.4% of the total LAPA and the nanosized LAPA, respectively (p < 0.01). Different size fractions of APA were positively correlated with DOP and/or DOPL (p < 0.05 or 0.01). In addition, NO3− regulated 41.1% and 20.7% of the variations in free GLUA and LAPA, respectively, and pH seemed to play a role in regulating picosized GLUA and APA.


Table 2 | Stepwise linear regression analysis of β-glucosidase activity (GLUA), leucine aminopeptidase activity (LAPA), and alkaline phosphatase (APA) with environmental variables in the coastal lagoons of southeastern Hainan Island.






Discussion


Nutrient Characteristics in Xincun Lagoon and Li’an Lagoon

Hainan Island is characterized by a tropical monsoon climate with a rainy season from May to October, especially from July to September (Herbeck et al., 2021). It rained on the sampling dates in June, August, and October, and especially heavy rain occurred on the sampling date of August; thus, the environmental data on these days might have been more affected by terrestrial inputs than the data gathered on other days. The nutrient data utilized herein varied greatly and irregularly among different months; even the parameters measured in the month of December changed extensively between 2018 and 2019, suggesting highly anthropogenic impacts in the two lagoons. In our experimental design, station D, which is located within the coral reef area outside Xincun Lagoon and is thus less affected by humans, was chosen as a control and was thus compared to the stations located in the lagoons (Figure 1). However, to our surprise, although they were slightly lower, the nutrient concentrations at Station D showed no significant differences from those measured at the stations within the lagoons (Figure 2, Table 1), indicating that the supposedly clean coral reef area also suffered nutrient pollution from Xincun Lagoon.

It is conceivable that high concentrations of DON exist in Xincun Lagoon and Li’an Lagoon because high amounts of organic matter are exported into the sea due to aquaculture activities (Li et al., 2014; Boudouresque et al., 2020). Meanwhile, organic nutrient contents in the water column are normally high in shallow lagoons (Sundbäck et al., 2004). The DON levels measured in the present study were comparable to or even higher than those in previous studies (Liu et al., 2020). Considering bioavailability of the high amount of DON, the nutrient conditions in the two lagoons seemed to favor the growth of dinoflagellates rather than diatoms (Glibert and Burford, 2017; Huang et al., 2020). There are reasons to believe that the risk of harmful dinoflagellate blooms is increasing in the two lagoons.

The DOPL results showed more accurate bioavailable DOP data in the lagoons. On average, 35–58% of the DOP was hydrolysable by AP in four hours (Figure 3E), and these data were comparable to or even higher than those of previous studies (Suzumura et al., 1998; Boǵe et al., 2014). In this study, the average DOPL : DIP ratios were as high as 2 at Stations C and D, indicating the importance of highly bioavailable DOP in these areas, especially when phosphate becomes limiting.



Extracellular Enzyme Activities and Their Roles in Organic Matter

β-Glucosidase, LAP and AP are the most widely studied extracellular enzymes that catalyze the degradation of the largest environmental sources of organic C, N, and P, respectively (Sinsabaugh and Follstad Shah, 2012; Ayo et al., 2017; Ou et al., 2018). The EEAs measured in the study area, especially those of LAPA and APA, were several times greater than those observed in other coastal waters of China (Ou et al., 2018; Mo et al., 2020), even during a dinoflagellate bloom period (Qin et al., 2021), indicating active organic nutrient recycling through enzyme hydrolysis in the lagoons. In contrast to the nutrient conditions at Station D, which were similar to those in the lagoons, all the EEAs at Station D were significantly lower than those in the lagoons (Figure 4). Bacteria are the main producers of EEAs (Chróst et al., 1989). Although not measured in the present study, it could be inferred that the low EEAs at Station D were due to low bacterial production and activity in the open outside waters compared to those in the lagoons. In addition, all of the EEAs were attributed mostly to the nanosized fraction (Figure 4), indicating that EEAs were contributed mainly by bacteria attached to particulates in the lagoons. These results coincided with the findings of previous studies showing that the degradation of organic matter by enzymes is likely dependent on the microbial communities attached to particles in coastal and estuarine waters (Allison et al., 2012; Labry et al., 2016).

According to economic theories of microbial metabolism, enzyme production should increase when available nutrients are scarce and complex nutrients are abundant (Koch, 1985). In the present study, although inorganic nutrients were abundant, EEAs were highly expressed (Figure 4) and showed positive correlations with organic matter (Table S1), suggesting that the existence of abundant complex organic substrates induces enzyme production. Normally, different enzymes are expressed by microorganisms to hydrolyze different types of organic matter into low-molecular-weight (< 600 Da) products that can be directly taken up (Obayashi and Suzuki, 2005). β-Glucosidase catalyzes the final step in the breakdown of cellulose, thus mediating the subsequent release of monomeric glucose. leucine aminopeptidase hydrolyzes the most abundant amino acids from the N-terminus of polypeptides, and AP hydrolyzes phosphate from phosphomonoesters and some phosphodiesters (Millar et al., 2015; Pastor et al., 2019). In the present study, DOC was not measured. All three total EEAs and the most contributing nanosized EEAs showed significant correlations with DON and/or DOP (Table 2 and Table S1), indicating more complicated and interactive hydrolysis mechanisms on organic matter by EEAs, as has been suggested by some studies (Anderson, 2018; Fitzsimons et al., 2020). DO also seemed to play a role in regulating EEAs in the lagoons. Hypoxia occurred from time to time in the lagoons due to high-density mariculture activities and enriched organic matter (Fang et al., 2019). The positive correlation between EEAs and DO indicated that DO plays an essential role in regulating the recycling of organic matter by EEAs in ecosystems.

The present results showed that EEAs in various size fractions were regulated by different environmental parameters (Table S1). In addition to organic matter and DO, NO3− and pH also played roles in regulating free and picosized EEAs, respectively. Generally, free extracellular enzymes lose control from the microorganisms that release them (Sinsabaugh and Follstad Shah, 2012). In a marine environment, the activity of free-sized extracellular enzymes is affected by changes in environmental factors, such as UV radiation, temperature, pH, heavy metals, and humic acids (Steen and Arnosti, 2011; Ayo et al., 2017). In the present study, free-sized extracellular enzymes might be affected by materials from terrestrial runoff together with NO3−. It seems that the picosized EEAs were affected by pH, which might have been due to the more distinct influence of pH on free-living bacteria rather than on particle-associated bacteria. Krause et al. (2012) suggested that moderate changes in pH might cause changes in bacterial composition rather than abundance.

Enzymatic stoichiometry can be used to indicate microbial nutrient acquisition with the relatively available C, N, and P from environmental sources (Sinsabaugh et al., 2009). The GLUA : LAPA, GLUA : APA and LAPA : APA ratios refer to microbial C:N, C:P and N:P acquisition. When GLUA : LAPA and/or GLUA : APA < 1.0, it implies microbial N and/or P limitation relative to C, and when LAPA : APA < 1.0, it suggests microbial P limitation relative to N (Sinsabaugh et al., 2009; Luo et al., 2017). Sinsabaugh and Follstad Shah (2012) summarized that in different marine systems, the GLUA: LAPA and GLUA : APA ratios varied between 0.003 and 0.792 and between 0.020 and 0.759, with averages of 0.125 and 0.327, respectively. In the present study, the GLUA : LAPA, GLUA : APA, and LAPA : APA ratios (Figure S2) indicated the importance of dissolved proteins and aminopolysaccharides as sources of both C and N and a potential P limitation on microbial growth that coincided with the elemental stoichiometry.




Conclusion

Xincun Lagoon and Li’an Lagoon are enriched with organic nutrients. EEAs, especially LAP and AP, were highly expressed to hydrolyze the organic nutrients. All three total EEAs were positively correlated with DON and/or DOP, suggesting more complicated and interactive hydrolysis mechanisms on organic matter by EEAs. Meanwhile, EEAs in various size fractions were regulated by different environmental parameters, such as NO3− and pH. Ratios between the EEAs indicated the importance of dissolved proteins and aminopolysaccharides as sources of both C and N and a potential P limitation on microbial growth. The results showed the high bioavailability of organic nutrients through active EEAs and suggested a potential influence of the enriched organic nutrients on microorganisms and plants.
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Variables entered

DOP, DO
NOs™

pH, DIP, DOP_
DOP

DON

NOs™

DOP

DON

DOP,, DO

pH, DIP, DOP_
DOP

Model

GLUA ota = — 11.634 + 11.346DOP + 1.574DO
GLUAgee = — 0.673 + 0.996NO5™
GLUAGco = —49.890 + 5.262pH + 4.619DIP + 11.974DOP_

GLUAgno = - 1.303 + 7.286DOP

LAPAcra = - 86.104 + 11.688DON
LAPAeq = 21.608 + 7.362NO5

LAPAGco = — 19.226 + 101.261DOP

LAPAano = — 117.826 + 9.719DON

APAra = - 213.819 + 482.785DOP_ + 28.674DO

APAGo = - 891.779 + 90.556pH + 63.123DIP + 186.028DOP_
APAqano = — 37.412 + 144.136DOP

p

0.003
0.002
0.002
0.002
0.000
0.015
0.033
0.000
0.006

0.001
0.009

R2

0.405
0.411
0.517
0.341
0.455
0.207
0.164
0.504
0.338
0.472
0.233

The total enzyme activity was divided into nanosized (> 2 um), picosized (0.22-2 ym), and free-sized (< 0.22 pym) enzymes. Data were sampled from Stations A-D bimonthly from December

2018 to December 2019 (n = 28).

The variables entered into the analysis were temperature, salinity, dissolved oxygen (DO), pH, NO3™, NOy~, NH,*, dissolved inorganic nitrogen (DIN), dissolved inorganic phosphorus (DIP),
dissolved inorganic silicon (DS}, dissolved organic nitrogen (DON), dissolved organic phosphorus (DOP), dissolved labile organic phosphorus (DOP,), DIN: DIP, TDN: TDP, and DIN: DSi.
The regression was set to reject any variable that failed to produce an F statistic that was significant at the p = 0.05 level.
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Variables

Temperature (°C)
Salinity (%o)

DO (mg I")

pH

DIN (umol I
DON (umol I")
DIP (umol I™")
DOP (umol I”")
DSi (umol I")

Station A

27.23 + 3.04°
31.62 +0.75"
6.27 + 2.2
8.28 + 0.30*
10.82 + 2.61°
30.85 + 26,12
1.09 + 0.43°
0.71 + 0.30%
9.08 + 1.94%

Station B

27.47 £ 2.27°

31.74 £ 0.70°
6.33 + 2.45%
822+ 0212
8.25 + 5.44%

41.16 + 26.43°
0.79 + 0.45%
0.81 + 0.30%*
479 + 0.82°

Station C

27.70 + 2.76°

32.11 +0.44°
7.71 £ 1572
8.40 +0.34%
6.90 + 2.48%

37.96 = 21.31°
0.77 £ 0.74%
1.01 +0.29°
5.93 +2.18°

Station D

26.54 +2.10*

31.91 + 0.46*
6.77 +1.42
8.25 +0.32*
8.56 + 4.90*

35.26 + 16.32°
0.43  0.49*
0.55  0.20*
7.96 + 6.27%

Sampling was conducted every two months from December 2018 to December 2019. DO, dissolved oxygen; DIN, dissolved inorganic nitrogen; DIP, dissolved inorganic phosphorus;
DON, dissolved organic nitrogen; DOP, dissolved organic phosphorus; and DS, dissolved inorganic silicate. Note that the superscripts a and b indicate significant differences in
parameters among different stations (p < 0.05).





