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Abstract

:

Stream biofilms play an important role in the structure, functioning, and integrity of agricultural streams. In many lowland streams, macrophyte vegetation is abundant and functions as an important substrate for biofilm (epiphyton) in addition to the gravel and stone substrate for epilithon on the stream bed. We expect that reach-scale habitat conditions in streams (e.g., nutrient availability, hydraulic conditions) affect the epiphyton and epilithon biomass and composition, and that this effect will be substrate-specific (macrophytes and stones). The objectives of our study were (i) to describe concurrent changes in epiphyton and epilithon biomass and composition over a year in agricultural streams, and (ii) to determine the substrate specific reach-scale habitat drivers for the epiphyton and epilithon structure. We monitored epiphyton and epilithon biofilm biomass and composition at three-week intervals and reach-scale environmental conditions daily during a year for two agricultural steams. The results showed that epiphyton and epilithon communities differed in biomass, having high substrate specific biomass in epilithon compared to epiphyton. Epiphyton was mainly composed of diatom and green algae, while cyanobacteria were more important in epilithon, and the diatom species composition varied between the two biofilm types. Epiphyton structural properties were less influenced by reach-scale hydrology and nutrient availability compared to epilithon. The overall explanatory power of the measured environmental variables was low, probably due to micro-scale habitat effects and interactive processes within stream biofilms. Knowledge of biofilm control in agricultural streams is important in order to improve management strategies, and future studies should improve the understanding of micro-scale habitat conditions, interactive relationships within biofilms and between the biofilm and the substrates.
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1. Introduction


Stream biofilms play a unique and key role in aquatic ecosystems due to their involvement in biogeochemical cycles through primary production, ecosystem metabolism, nutrient uptake and trophic interactions [1,2]. Biofilms are complex in their structure and function, and are composed of autotrophic microalgae dominated by diatoms, green algae and cyanobacteria, as well as heterotrophic organisms such as bacteria, protozoa, and fungi [3]. Biofilm grows on various substrates in the stream, including macrophytes (epiphyton) and stone and gravel (epilithon), and their development is controlled by a complex array of factors and interactions [4] with irradiance, nutrient availability, physical disturbance and grazing being the most important [5].



Most studies on biofilm structure in lowland agricultural streams have been on epilithic biofilm, e.g., [6,7] and much less is known about the epiphytic biofilm, although we know it might be the primary site for microalgae growth in macrophyte-rich streams and may be the main contributor to reach-scale metabolism [8] and nutrient uptake [9]. Furthermore, macrophytes as biofilm substrate offer very different conditions for auto- and heterotrophic biofilm compared to gravel, and stones and the communities may therefore differ. First, macrophytes are organic substrates and thus may leach organic carbon [10,11] and nutrients [12,13,14]. Macrophytes may also exchange CO2 and O2 with epiphytic biofilm, as a product of photosynthesis and respiration [15]. In addition, internal biofilm recycling of nutrient and gas may occur [16] and affect both the biofilm and the host. Second, macrophytes grow as dense beds, creating a strong gradient in hydraulic conditions from the more exposed outside, to the inside with reduced hydraulic disturbance (i.e., reduced alternation in water velocity and turbulence) [17]. In contrast, nutrient and gas exchange in epilithic biofilm occur via the open stream water or internal recycling in the biofilm. Therefore, hydrological disturbance and resource availability can be very different for epiphytic and epilithic biofilm at a given time and the differences may vary with temporal changes in hydrology and resource availability in the streams on a daily and seasonal scale [18]. Ultimately, it may lead to structural differences in epiphyton and epilithon communities in terms of biomass and composition, driven by substrate-specific drivers.



Epilithon is typically dominated by firmly attached diatoms or green filamentous algae [19,20], but higher abundances of cyanobacteria may occur depending on the environmental conditions [21]. Diatoms are also considered to be the predominant group of algae in the epiphyton community [22,23], but the composition changes over seasons depending on both environmental conditions and the growth pattern of the host plant [23,24]. Some studies argue that epiphyton and epilithon diatom species composition is remarkably different, e.g., [17] while others state the opposite, e.g., [25]. Overall, nutrients such as phosphate (PO43−) and organic contaminants are the main drivers of diatom assemblages in streams, e.g., [6,26,27,28] and their composition can therefore be closely related to land use in the stream catchment and reach-scale habitat factors. Overall, Biggs [5], Biggs et al. [29,30] link reach-scale hydrological and hydraulic factors to periphyton abundance and composition. More specifically, Cantonati and Spitale [17] found that diatom species composition was predominantly driven by reach-scale temperature, water velocity, nitrate (NO3−) and PO43− in both the epiphyton and epilithon in mountainous streams surrounded by a pristine environment, while Winter and Duthie [25] identified alkalinity, conductivity, suspended solids, and biological oxygen demand as the main drivers in streams surrounded by the mixed-land use of urban, agriculture and woodlands. One study with concurrent measurements of epiphyton and epilithon, [23] found that the species composition of epiphytic algae on Ranunculus sp. were overall similar to the epilithic algae species on stream bed gravel, and that the dominant species differed between the two substrata.



The objectives of our study were to further explore the epiphyton and epilithon community in streams (i) to describe concurrent changes of epiphyton and the epilithon biomass and composition during a year in agricultural streams, and (ii) to determine the substrate-specific reach-scale habitat drivers for the epiphyton and epilithon structure. We described epiphyton and epilithon composition in terms of auto-heterotrophic composition, microalgae groups, and diatom species composition, whereas reach-scale habitat conditions were described for short-term (3 weeks) environmental regimes based on daily measurements. We hypothesized that (i) structural components of epiphyton and epilithon are significantly different due to the main habitat differences between macrophyte and gravel/stone, e.g., organic versus inorganic substrates and ease of hydraulic disturbances (H1); and therefore that (ii) epiphyton biomass and composition are less affected by the short-term hydrological regime due to a hydraulic gradient within the macrophyte bed, and are thus less directly disturbed by reach-scale water velocity at high discharge compared to epilithon (H2), and (iii) epiphyton biomass and composition are less dependent on reach-scale water nutrients compared to epilithon due to organic exudates from macrophyte substrates (H3).




2. Methods


2.1. Study Area


We selected two lowland agricultural streams, namely, Aarhus (56°13′ N, 10°04′ E) and Lyngbygård (56°15′ N, 10°03′ E) located in Jutland, Denmark (Figure S1), with a watershed area of 118.6 km2 and 131.5 km2, respectively, dominated by agricultural land cover (72.7% and 71.6%, respectively) (https://oda.ft.dk/, accessed on 12 November 2019). Stream substrate was a mix of sand, gravel, and stones. Ranunculus aquaticus was the predominant macrophyte in both streams [31]. Stream-water pH typically ranged from 7.0 to 7.9 with an alkalinity from 2.81 to 2.85 mEq L−1. We conducted field measurements and sampling from February 2019 to January 2020. Although the two streams had similar catchment size and land use, there was significant differences in light availability, dissolved organic carbon and PO43− (see Section 3.1). Therefore, we treat the two streams separately in the data analyses.




2.2. Environmental Variables


Incident light above the water surface was recorded every 5 min by a HOBO Pendant data logger (Onset Computer Corporation, Pocasset, MA, USA). Recorded light in Lux units was converted to photosynthetically active radiation (PAR, mols photons m−2 day−1) by applying a conversion factor of 0.019 [32]. Water temperature was recorded every 15 min with a YSI EXO3 multiparameter sonde (Yellow Springs, OH, USA). At each stream, discharge data were obtained from a nearby gauging station (Danish Environmental Protection Agency) that records in 15-min intervals.



Water samples for nutrient and dissolved organic carbon (DOC) concentration analyses were collected eight times a day using an automated ISCO 3700 Portable Sampler (Teledyne ISCO, Lincoln, NE, USA), pooled together to obtain a daily composite sample, and filtered through pre-combusted GFF filters (Whatman, Cambridgeshire, UK). Samples for phosphate (PO43−), ammonium (NH4+) and nitrate (NO3−) analyses were frozen, whereas DOC samples were acidified using 10% HCl to pH = 2–3. Inorganic nutrient concentrations were analysed using a Lachat QC-8000 Flow Injection Autoanalyzer (Lachat Instruments, Milwaukee, WI, USA). Concentrations of DOC were analysed through combustion catalytic oxidation on a Shimadzu TOC Analyzer TOC-VCSH. Dissolved inorganic nitrogen (DIN) was calculated as the sum of NH4+ and NO3−.



Using the daily averaged data of the above measurements, nine environmental variables were calculated to describe short-term environmental regimes covering the period of 21 days before the biofilm sampling date, following the descriptions of Guo, Wu, Manolaki, Baattrup-Pedersen and Riis [6] (Table S1). These environmental variables included other environmental parameters (other env.) such as cumulative light (photons m−2), mean temperature (°C), mean DOC (mg L−1); hydrological regime parameters: median discharge (Qmed, L s−1), coefficient of variation of discharge (CV of Q, %), frequency of low flow (FreLow, days) and frequency of high flow (FreHigh, days); and nutrients parameters: mean water PO43− concentration (mg L−1) and mean water DIN concentration (mg L−1).




2.3. Epiphyton and Epilithon Sampling


We sampled epiphyton and epilithon every three weeks (21 days) in the two study streams. For epiphyton, we harvested 10–15 apical shoots (5 cm long) of R. aquaticus across the macrophyte bed including both the edges and middle areas to obtain a composite sample. For epilithon, we collected 20 inorganic fritted glass disks (3.8 cm2; catalogue no. 528-042; LECO Corporation, St. Joseph, MI, USA) deployed six weeks prior to sampling for each time (Figure S1, Steinman et al. [33]). Inorganic fritted glass disks were deployed in an open reach-section close (<5 m) to the macrophyte beds without overlap. In the field, all samples were immediately placed in a dark container with very little stream water and transported to the laboratory. We extracted the epiphyton attached to the macrophytes by gently brushing the stems and leaves. For epilithon characterization, we removed the biofilm from the disks through careful brushing.




2.4. Epiphyton and Epilithon Structure Characterization


Chlorophyll-a (Chl-a) was extracted through 95% ethanol from triplicate aliquot samples and estimated according to the method described by Steinman, Lamberti, Leavitt and Uzarski [33]. Biofilm ash-free dry mass (AFDM) was measured according to the method recommended in Steinman, Lamberti, Leavitt and Uzarski [33]. The dry weight of the harvested macrophytes was measured after drying at 70 °C for 48 h. Initially, epiphyton measurements were calculated per dry weight of macrophyte, and the epilithon measurements were calculated per disc area (cm−2) and converted to per substrate area (m−2) for further analyses. The conversion of epiphyton measurements from per dry weight of macrophyte to per area of macrophyte was performed using the known relationship between dry weight to area 22.4 g m−2 for R. aquaticus (T. Riis, unpublished data). The Autotrophic Index (AI) is the proportion between AFDM and Chl-a [33], and describes the trophic nature (heterotrophic: autotrophic composition) of the biofilm such that values ≥200 indicate heterotrophic associations, whereas values below this point indicate an autotrophic nature [34].



The epiphyton algal group composition (i.e., diatoms, green algae and cyanobacteria) was obtained using pigment analysis (adopted from Li et al. [35]). Epiphyton slurries were filtered through glass fiber membranes (Whatman GF/F, 0.7 μm), and membrane filters were immediately frozen at −18 °C until pigment extraction. Membrane filters were extracted in acetone (grade: HPLC Plus, purity: ≥99.9%) for 8 h. The supernatant of the samples was used for pigment analysis by high performance liquid chromatography (HPLC) following high speed centrifugation. The HPLC system included a Thermo SCIENTIFIC Dionex UltiMate 3000 pump (flow rate: 1 mL min−1), Diode array detector, autosampler (20 µL sampling loop, at 4 °C) and column compartment (Column Luna, 3 µm C8). Fucoxanthin, chlorophyll b and zeaxanthin were selected as marker pigments for diatoms, green algae and cyanobacteria, respectively [35]. The algal composition of epilithon were obtained by an in situ fluorometer (BenthoTorch, bbe Moldaenke, Schwentinental, Germany). The BenthoTorch compares reasonably well with lab-derived conventional spectrophotometric/HPLC-based methods [33,36,37,38]. These collected pigment/fluorometric measurements for each algal group were converted to organic carbon and then to an organic biomass using the known relationships among Chl-a to organic carbon (1:30) and organic carbon to organic biomass (1:2) (T. Riis, unpublished data). To calculate the heterotrophic biomass, first the AFDM was subtracted from each of the algae groups’ organic biomass. Then, 20% was considered as living heterotrophic biomass and the remaining 80% of the biomass was considered as dead organic matter [39]. Finally, the ratios of diatoms, cyanobacteria, green algae, and heterotrophs to AFDM were calculated and visualized.



To identify diatoms, permanent slides were prepared after oxidization using 5 mL of 30% hydrogen peroxide [H2O2] and 0.5 mL of 1 mol L−1 hydrochloric acid [HCl], and then 0.1 mL of the diatom-ethanol mix was transferred on a 24 × 24 mm cover slip. A drop of Naphrax was used to mount the slides. Diatoms were identified with the optical microscope (Nikon Eclipse E200-LED, Tokoyo, Japan) under × 1000 magnification with oil immersion, based on recommendations in Bey [40], Hofmann [41], Cantonati [42] and Bak [43].




2.5. Statistical Analyses


All statistical analyses were performed using R software version 4.0.2 [44] and figures were made using R package ggplot2 [45]. Relationships between environmental variables were identified by a Kendall correlation coefficient with a significance level of p < 0.05 (Figure S2; using function cor from the R package corrplot [46]). Highly correlated environmental variables (r > 0.70) were excluded from further analyses. Significant differences of environmental variables between two streams were identified by t test/Wilcoxon rank sum test, depending on the fulfilment of the associated hypotheses of the statistical tests. As we found significant differences in the environmental variables of the two streams, all the below-mentioned statistical analyses were repeated for different data subsets, including Aarhus epiphyton, Lyngbygård epiphyton, Aarhus epilithon, Lyngbygård epilithon in addition to our main two datasets of epiphyton and epilithon.



The diatom species composition (relative abundance of species) was Hellinger-transformed using the function decostand in R package vegan [47]. This maintained the Euclidean distances between samples in the multidimensional space, avoiding interruptions by reducing the weight of abundant species. To identify differences of diatom species’ composition between epiphyton and epilithon, we conducted a non-metric multidimensional scaling (NMDS) analysis based on the Bray—Curtis similarity measurement, using the metaMDS function from the R package vegan. These differences between studied community assemblages were further statistically tested by a permutational multivariate analysis of variance using distance matrices (ADONIS, permutations = 999, using the function adonis from the R package vegan). A community trajectory analysis was conducted on the NMDS distance matrix to understand how each community changes over time throughout our one-year study period (using function trajectoryPlot from the R package vegclust; [48]).



We followed the below-mentioned steps to identify the main drivers of diatom species composition. First, a preliminary detrended correspondence analysis (DCA, using function decorana from the R package vegan) on the Hellinger-transformed species data was conducted. The longest DCA gradient lengths along the axes were below 2, suggesting that a redundancy analysis (RDA) was suitable for describing species’ composition [49]. We conducted a partial redundancy analysis (pRDA) to quantify the variability in diatom assemblages explained by the environmental variables collectively as three categories, i.e., other env: (light, temperature and DOC), hydrology (Qmed, CV of Q) and nutrients (PO43− and DIN) and their shared contributions [50]. Hellinger-transformed species data was used in this analysis. The adjusted R2 (adj. R2) values of the pRDA analysis were used to explain the variability associated with each environmental category and their shared contributions. Variation partitioning was conducted using the varpart function from the R package vegan. The statistical significance of the pRDA models were tested using the anova function from the R package vegan (permutations = 999). Results were represented in Venn diagrams drawn using Inkscape software [51].



To assess the relationship between environmental variables and other structural responses such as biomass (i.e., Chl-a, AFDM), AI, and algal composition (i.e., diatom, green algae, and cyanobacteria), we first conducted simple linear regressions between the selected responses and environmental variables. Variables with significant linear regressions were used to conduct multiple regressions. For each biofilm response variable, the best models of the multiple regressions were selected through a stepwise model selection by AICc (function stepAIC in R package MASS [52]) for model simplification, i.e., the model with minimum AICc value was considered as the best fitted. All structural responses and environmental variables were transformed to ln (x + 1) and scaled before the regression analyses.





3. Results


3.1. Changes in Environmental Variables


Environmental variables varied significantly over the study period (Figure 1; Table S1). High median discharge (Qmed), frequency of high flow (FreHigh), DOC and DIN concentrations were observed in the winter months while high light, temperature, and a frequency of low flow (FreLow) characterized summer conditions. PO43− concentration was lowest during spring, and after May it increased in both streams. Furthermore, DOC and Qmed revealed a positive correlation (r = 0.5, p < 0.05), emphasizing co-occurring high discharge and turbid water conditions (Figure S2). The light availability was significantly higher in Aarhus due to less shading from riparian vegetation than the Lyngbygård (Aarhus: 369.93 (mean) ± 271.34 (SD) photons m−2, Lyngbygård: 153.89 ± 112.62 photons m−2) and higher PO43− concentrations (Aarhus: 0.04 ± 0.01 mg L−1, Lyngbygård: 0.01 ± 0.01 mg L−1) (t test/Wilcoxon rank sum test, p < 0.05). In contrast, DOC concentrations were significantly higher in Lyngbygård (Aarhus: 5.28 ± 0.95 mg L−1, Lyngbygård: 6.22 ± 1.45 mg L−1) compared to Aarhus (t test/Wilcoxon rank sum test, p < 0.05). Hydrological variables were not significantly different between the two streams (t test, p > 0.05).




3.2. Biomass, AI and Main Drivers


The epiphyton and epilithon biomass (per substrate area) changed over the year in both streams (Figure 2). The concentrations of Chl-a (mean: 0.78 mg m−2, range: 0.02–5.22 mg m−2) and AFDM (mean: 0.39 g m−2, range: 0.04–3.03 g m−2) in the epiphyton were much lower than in the epilithon (mean Chl-a: 55.55 mg m−2, range: 10.60–148.05 mg m−2 and mean AFDM: 26.27 g m−2, range: 8.60–93.33 g m−2). The AI of both biofilm types was generally higher than 200, indicating a high heterotrophic dominance (Figure 2), and AI was generally higher in the epiphyton (mean: 902, range: 134–2703) than in the epilithon (mean: 677, range: 177–1965). In both communities, AFDM peaked during the summer months (i.e., July), whereas the Chl-a of the epiphyton peaked twice, in spring (i.e., April) and in autumn (i.e., September).



When comparing epiphyton in the two streams, we found that Chl-a concentrations in Aarhus (1.15 mg m−2, range: 0.10–6.23 mg m−2) generally doubled the concentrations in Lyngbygård (0.52 mg m−2, range: 0.01–2.53 mg m−2). AFDM was also mostly higher in Aarhus (mean: 0.64 g m−2, range: 0.07–4.49 g m−2) than in Lyngbygård (mean: 0.21 g m−2, range: 0.03–0.47 g m−2), and AIs were 778 (range: 239–1787) and 993 (range: 103–3475), respectively. A similar pattern was observed for epilithon. The mean Chl-a concentrations in Aarhus doubled (71.87 mg m−2, range: 16.60–148.05 mg m−2) the concentrations in Lyngbygård (38.14 mg m−2, range: 10.60–113.66 mg m−2); AFDM was higher in Aarhus (mean: 30.28 g m−2; range: 8.95–93.33 g m−2) than in Lyngbygård (mean: 22.00 g m−2; range: 8.59–63.77 g m−2), and AIs in Aarhus and Lyngbygård streams were 677 (range: 171–1965) and 579 (range: 171–1649), respectively.



We found weak correlations between the environmental variables and the epiphytic and epilithic biomass and AI when analysing data from both streams together (Table S2). Only the epilithon Chl-a showed a significant and positive relationship with water PO43− concentration (Table 1). No significant models were obtained for epiphyton and epilithon biomass and AI when streams were analysed separately.




3.3. Algal Composition and Main Drivers


Over 50% of the epiphyton and epilithon consisted of dead organic matter and the algal composition changed throughout the year (Figure 3). As a general trend, the autotrophic community of epiphyton consisted of diatoms > green algae > cyanobacteria (very low), while the epilithon community consisted of diatoms > cyanobacteria > green algae. Peaks of diatoms in epiphyton were found in April at Lyngbygård and in September at Aarhus. Green algae were present in the epiphyton community throughout the year except for two peak times of the diatoms. In the epilithon community, the highest autotrophic community (diatoms and cyanobacteria) was observed in late May and the presence of green algae was only observed in summer in Aarhus stream.



Overall, DOC negatively correlated with epiphytic diatom biomass but positively correlated with epiphytic cyanobacteria biomass in Lyngbygård (Table 2). In epilithon, temperature negatively correlated with diatom biomass. Furthermore, epilithic green algae biomass positively linked with temperature and negatively correlated to DOC (Table 2). No significant models were obtained for epiphyton in Aarhus and epilithon in Lyngbygård.




3.4. Diatom Species Composition and Main Drivers


In total, 193 diatom species were found in our study, belonging to seven different families (i.e., Monoraphidees, Naviculacees, Araphidees, Centrophycidees, Surirellacees, Nitzschiacees and Brachyraphydees). We identified 135 species in epiphyton and 164 species in epilithon. The epiphyton diatom community was dominated by Cocconeis placentula var. euglypta Ehr. (25% in relative abundance), followed by Navicula lanceolate Ehr. (9%), Achnanthidium minutissimum Kütz. (7%), Navicula tripunctata (Müller) Bory (6%) and Gomphonema parvulum Kütz. (5%) (Table S3). The epilithon diatom community was dominated by Achnanthidium minutissimum (37% in relative abundance), followed by, Navicula lanceolate (10%), Cocconeis placentula var. euglypta (8%), Planothidium lanceolatum (Brébisson ex Kütz.) Lange-Bertalot (4%) and Planothidium frequentissimum Lange-Bertalot (3%) (Table S3).



A non-metric multidimensional scaling (NMDS) ordination of the biofilm diatom community composition revealed two distinct clusters (stress: 0.01, Figure 4A) suggesting that the diatom species composition of epiphyton and epilithon communities were significantly different from each other (Adonis, F = 7.08, p = 0.001). Additionally, the epiphyton and epilithon diatom community showed distinct separation according to stream (Figure 4B; stress: 0.16 and Adonis, F = 4.56, p = 0.001 and Figure 4D; stress: 0.14 and Adonis, F = 2.87, p = 0.008). Furthermore, the temporal dynamics of the epiphyton and epilithon diatom community showed greater variation in Lyngbygård compared to in Aarhus over the sampling year (Figure 4C,E). Epilithic diatom communities tended to come back to first sample completing a cyclic path while the epiphytic diatom communities had more distinctive start and end points.



According to the partial redundancy analysis (pRDA) the variation in the epiphytic diatom community can be explained by nutrients and other environmental factors (adj. R2 = 0.20 and 0.28, respectively, Figure 5A), with hydrology less important in both streams (Figure 5C,E). For epilithon, all three groups of variables were responsible for an equal amount of variation (adj. R2 = 0.30; 0.25, and 0.21), indicating that hydrology was more important for epilithon than for epiphyton (Figure 5B). The effect of hydrology on epilithon was especially pronounced in Aarhus (Figure 5D). The combination of any two and all three environmental variable categories better explained diatom-species composition in both communities than any individual categories, and the highest variability of the diatom community composition was explained by the shared contribution of all three categories in both epiphyton and epilithon, as 0.37 and 0.36 (adj. R2), respectively (Figure 5A,B).





4. Discussion


The results of the study revealed that the biofilm structural components, such as biomass, algal composition and diatom species composition were highly different for epiphyton and epilithon supporting H1. Further, some of our observations supported that epiphyton was less influenced by hydrological and nutrient regimes compared to epilithon (H2 and H3). The explanatory power using daily environmental measurements in a 3-week regime was lower than expected, but it was still within the range of previous studies.



The main structural differences between epiphyton and epilithon found in our study were that in epiphyton, unlike in epilithon, (1) the area-based biomass was about 50-fold lower, (2) the heterotrophic composition was higher, (3) the abundance of cyanobacteria was lower, and (4) the dominant diatom species were associated with low disturbance and high nutrient concentrations. In H1, we expected the biomass to be different between the two biofilms, which is shown in the results, but the expected difference was higher biomass in epiphyton than epilithon focusing on hydrological disturbances and nutrients solely. However, the results revealed an opposite trend. A higher biomass per substrate area for epilithon, compared with epiphyton have previously been found in river ecosystem [53] and lakes [54]. They emphasize that a higher epilithon biomass is most likely due higher stability [55,56] and the durability of gravel and stone substrates, whereas plant-decaying process and macrophyte allelopathic substances may lead to less biomass accrual on epiphyton [54]. Both biofilm communities showed a dominant heterotrophy similar to previous studies, e.g., [57,58]. However, we also found that epiphyton showed higher heterotrophy compared to epilithon, which suggests macrophytes to be a more favourable substrate for the heterotrophic community compared to the gravel/stone substrate [59].



Diatoms and green algae were the main algae communities in epiphyton, which is consistent with previous studies [22,60], and the presence of cyanobacteria was negligible. In contrast, cyanobacteria were more abundant than green algae in epilithon, particularly during summer months in Aarhus, where discharge and DIN concentrations were low. This is supported by Zlatanović, Fabian, Premke and Mutz [21] that noted a change in the epilithon community from diatoms to green algae and cyanobacteria under low flow periods. Diatom-composition was significantly different between epiphyton and epilithon in our study, which agrees with previous studies by Cantonati and Spitale [17] and Soininen and Eloranta [55]. In contrast, Winter and Duthie [25] concluded that the diatom community structure of the two communities is not consistently different in streams surrounded by mixed-land use such as urban, agriculture and woodlands. Furthermore, the dominant epiphyton diatom species found was Cocconeis placentula var. euglypta whereas Achnanthidium minutissimum dominated in epilithon diatom community, which follows the findings in [23,55,56].



Differences in the dominant diatom species in epiphyton and epilithon support hypotheses H2 and H3 stating that epilithon is more strongly related to hydrology and nutrient concentrations in streams than epiphyton. The dominating species in epilithon, Achnanthidium minutissimum, is well-known as a species adapted to a high velocity environment [61], whereas the species that were found in high abundances in the epiphyton community are often found in a high nutrient environment under agricultural influence (e.g., Gomphonema spp. and Encyonema sp., Table S3) [62]. Therefore, differences in species composition of the epiphyton and epilithon support that the epilithon is more dependent on the water-nutrient concentration and hydraulic disturbances, validating the H2 and H3 hypotheses. This was further supported by the fact that the temporal trajectories of diatom community compositions showed the epilithon community completing a cyclic path, moving back to its original state at the end of year while the epiphyton start and end points were different. Closer associations of the epiphytic community with macrophyte characteristics and the life cycle were found than with environmental factors, which may cause the high turnover rate of the species and the lower persistence of communities compared to epilithon as reported by [55] and the discontinuity of the cyclic path found in our study, despite the reoccurrence of environmental conditions [63,64].



We also found direct support for H3 in the multiple regression analyses. We found that the epilithic biomass (Chl-a) was better related to nutrients than epiphyton (Table 1). Epilithic Chl-a demonstrated positive association with PO43− and a similar relationship was found in many previous studies [65,66]. Further, H2 and H3 were directly confirmed by the results of the pRDA analyses, showing variation of the epilithic diatom species’ composition, more associated with hydrology and nutrients than epiphyton (Figure 5). The influence of hydrology (i.e., discharge, current velocity, low flow, high flow) on the epilithon structure was highly recognized in many previous studies in lotic systems [6,67,68,69] and nutrients were identified as an important factor in driving epilithic diatom composition [28,55]. Furthermore, the low association of epiphyton with water nutrient concentrations supports the suggestion that the epiphyton community may depend on nutrients released from the macrophyte [13,59]. Our results support results from Gosselain et al. [70] highlighting that epiphyton was related to physical variables such as light, macrophyte architecture and hydrology (i.e., seasonal water level variations) in the order of decreasing importance.



Overall, we observed considerable differences in the biofilm structural components between the two study streams, and these differences were predominantly driven by differences in light availability, DOC and PO43− (Figure 1). For example, the biofilm biomass was twice as high in Aarhus compared to Lyngbygård, due to higher light availability caused by lower riparian vegetation cover and higher PO43− concentrations in Aarhus. High biofilm Chl-a in Lyngbygård was observed only in spring under low riparian shading prior to leaf out, where it had maximum light availability due to low shading by spring riparian vegetation [71]. In Aarhus, we observed a higher abundance of Cladophora sp. (filamentous green algae) during summer months, and the eutrophic indicator species Achnanthidium minutissimum showed high abundance (relative abundance doubled in epilithon and four times higher in epiphyton) at high PO43− concentration compared to Lyngbygård [62]. Thus, although the two study streams showed similar land use and catchment size, local differences driven by light, DOC and PO43− were important to site-specific biofilm structure.



The explanatory power of the environmental factors on the epiphytic and epilithic structural responses was overall low across the two streams (36–37%), and lower in Aarhus (21–45%) than in Lyngbygård (38–44%). Usually, nutrient concentrations are only measured once or a few times during biofilm accrual, and by using daily measurements we expected a higher explanatory power. However, the explanatory power was not significantly different from earlier studies such as [72], in which the authors found that 44–49% of variation in mean monthly biofilm Chl-a was explained by hydrology and nutrient concentration in New Zealand streams. Another study by Lévesque et al. [73] found that environmental variables were only able to explain 15.4% of the variation of epiphyton biomass in a fluvial system in Canada. Part of the general high and unexplained variation models on epiphytic and epilithic biomass, could result from the fact that (i) reach-scale variables do not reflect micro-scale variables as strongly as expected from previous studies [5,29,30], and that biofilms thus may be more closely linked to the micro-habitat mediated environmental variables than the reach-scale measurements [74]. Furthermore, (ii) biofilms constitute complex communities where individual components respond differently to environmental variables, e.g., DOC acts as a nutrient for the heterotrophic community but high DOC may lead to limited light availability for autotrophs and for their photosynthesis [73,75]. In addition, (iii) biofilm community compartments are highly interactive; for example, autotrophic communities in the biofilm may use CO2 for their primary production, derived from the respiration of the heterotrophic community internally [16]. Moreover, (iv) interactions between biofilms and their substrate such as epiphytic biofilm and host macrophytes may also show competitive and mutualistic relationships for nutrients, which may be more important than the nutrient concentrations in the surrounding flowing water [14]. In order to improve the predictive strength of models on epiphytic and epilithic biofilm, measurements of environmental variables at the micro-habitat scale may be required, or more sensitive data analyses, such as a time series analysis as in [76].




5. Conclusions


Epiphyton and epilithon showed distinct structural differences during a year in two agricultural streams in terms of biomass, algal composition, and diatom species composition. Epiphyton structural properties were less affected by hydrological regimes and water nutrient concentrations than epilithon, indicating that epilithon is more dependent on external water nutrients to fulfil nutrient requirements, while epiphyton can take advantage of macrophyte leachates. Other environmental variables such as light, temperature and DOC played an important role in driving epiphyton and epilithon structural differences between the two streams. We observed a generally low explanatory power of the included environmental variables on the biofilm structure even though we used daily measurements. Future studies should address the interactions within biofilm communities, interactions with their substrates and interactions with other biota to better understand the underlying controlling mechanisms of the epiphyton and epilithon structure in agricultural streams. Using micro-scale measurements instead of reach-scale measurements may further enhance the understanding of environmental drivers of the epiphytic and epilithic community structure.
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Figure 1. Changes in environmental variables over the study period. Description of calculations of these variables can be found in Table S1. All environmental data derived from measurements obtained in the period of 21 days before the sampling date: (A): cumulative light (Photons m−2 day−1); (B): mean temperature (°C); (C): mean DOC (mg L−1); (D): median discharge (Qmed, L s−1); (E): coefficient of variation of discharge (CV of Q, %); (F): frequency of low flow (FreLow, days); (G): frequency of high flow (FreHigh, days); (H): mean PO43− concentration (mg L−1) in water and (I): mean DIN concentration (mg L−1) in water. 
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Figure 2. Changes in epiphytic and epilithic biomass and AI (per substrate area) throughout the annual study of the two streams. Dots and error bars denote mean and standard deviation values, respectively (n = 3). The horizontal dashed lines in AI graphs show the index value of 200, which mark the limit between heterotrophic (above) or autotrophic (below) predominance in the biofilms. 
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Figure 3. Changes of biofilm composition over the year. (A): epiphyton at Aarhus stream; (B): epiphyton at Lyngbygård stream; (C): epilithon at Aarhus stream and (D): epilithon at Lyngbygård stream. Epiphyton only present at samplings date where macrophytes are present. 
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Figure 4. Differences in diatom species composition and trajectories of community change over the study year. (A): epiphyton and epilithon diatom species composition; (B): epiphytic diatom communities in two streams; (C): trajectories of epiphytic community change over the study year; (D): epilithic diatom communities in two streams and (E): trajectories of epilithic community change over the year. 
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Figure 5. Partial redundancy analysis (pRDA) for quantifying the variation of diatom community composition explained by hydrology (Qmed, CV of Q), nutrients (PO43−, DIN) and other environmental variables (other env: light, temperature, DOC), their shared contribution and unexplained variance (i.e., Residual). Each subplot represents the studied diatom assemblages as (A): epiphyton; (B): epilithon; (C): epiphyton in Aarhus stream; (D): epilithon in Aarhus stream; (E): epiphyton in Lyngbygård stream and (F): epilithon in Lyngbygård stream. Significance codes: * p < 0.05, ** p < 0.01, *** p < 0.001. All environmental data derived from measurements taken in the period of 21 days before sampling date (Figure 1). 
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Table 1. Multiple regression models on biomass and AI of epiphyton and epilithon (p < 0.05 and lowest AIC) for all data from the two study streams. Significant variables in the models are shown in bold. All environmental data derived from measurements were taken in the period of 21 days before sampling date (Figure 1).
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Model

	
Response

Variables

	
Environmental Variables

	
Estimate

	
p Value

	
Model adj.R2

	
Model

Significance

	
AIC






	
Epiphyton

	
Chl-a

	
No significant model




	
AFDM

	
Temperature

	
0.306

	
0.112

	
0.218

	
0.023

	
72.215




	
DOC

	
−0.352

	
0.069




	
AI

	
No significant model




	
Epilithon

	
Chl-a

	
CV of Q

	
−0.259

	
0.128

	
0.224

	
0.01

	
87.531




	
PO43−

	
0.386

	
0.027




	
AFDM

	
No significant model




	
AI

	
CV of Q

	
0.298

	
0.093

	
0.164

	
0.029

	
89.946




	
PO43−

	
−0.282

	
0.111
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Table 2. Multiple regression models on algal composition in epiphyton and epilithon (p < 0.05 and lowest AIC). Significant variables in the models are shown in bold. All environmental data derived from measurements taken in the period of 21 days before sampling date (Figure 1).
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Model

	
Response

Variables

	
Environmental Variables

	
Estimate

	
p Value

	
Model adj.R2

	
Model

Significance

	
AIC






	
Epiphyton

	
Diatom

	
DOC

	
−0.502

	
0.012

	
0.218

	
0.012

	
66.106




	
Cyanobacteria

	
Qmed

	
0.349

	
0.087

	
0.217

	
0.03

	
67.048




	
CV of Q

	
0.309

	
0.127




	
Green algae

	
No significant model




	
Epilithon

	
Diatom

	
Temperature

	
−0.562

	
0.001

	
0.291

	
0.001

	
78.752




	
Cyanobacteria

	
No significant model




	
Green algae

	
Temperature

	
0.624

	
0.028

	
0.365

	
0.002

	
77.231




	
DOC

	
−0.596

	
0.006




	
Qmed

	
0.460

	
0.161




	
Epiphyton—Lyngbygård

	
Diatom

	
Light

	
0.390

	
0.147

	
0.388

	
0.027

	
37.480




	
DOC

	
−0.413

	
0.127




	
Cyanobacteria

	
DOC

	
0.570

	
0.033

	
0.269

	
0.033

	
39.183




	
Green algae

	
No significant model




	
Epilithon—Aarhus

	
Diatom

	
Temperature

	
−0.679

	
0.005

	
0.419

	
0.005

	
38.270




	
Cyanobacteria

	
No significant model




	
Green algae

	
Temperature

	
0.353

	
0.179

	
0.543

	
0.004

	
35.466




	

	
DOC

	
−0.495

	
0.069
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