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Abstract 25 

Bryophytes can play an important role in key ecosystem processes and represent 26 

potential candidates as bioindicators for environmental monitoring programmes. 27 

Nitrate (NO3
−) pollution poses a growing threat to both aquatic and terrestrial 28 

ecosystems, potentially leading to imbalances in nutrient levels and altering the 29 

chemical composition of organisms, thereby impacting ecosystem function. 30 

However, the specific effects of NO3
− pollution on the elemental and isotopic 31 

composition of aquatic and semi-aquatic bryophytes remain uncertain. In this 32 

study, we examined the influence of NO3
− pollution from spring water on the 33 

elemental composition of aquatic and semi-aquatic (hygrophytic) bryophyte 34 

species and their respective water sources. Our investigation encompassed 35 

diverse land use, lithology, and climate conditions to identify suitable bryophyte 36 

species as bioindicators of NO3
− pollution. We observed higher NO3

− 37 

concentrations in spring water from intensively farmed and urban areas 38 

compared to natural and extensively farmed areas (e.g., pastures). These higher 39 

concentrations were positively correlated with the nitrogen (N) content and δ15N 40 

isotope ratio in bryophytes. However, spring water NO3
− concentrations did not 41 

significantly affect the overall chemical composition of the water sources, except 42 

for N-related elements such as Na, Ca, and Mg. Our findings highlight Apopellia 43 

endiviifolia and Oxyrrhynchium speciosum as promising candidate species for 44 

bioindication of aquatic NO3
− pollution, due to their δ15N sensitivity to increasing 45 

NO3
−, i.e., they respond to variations in the ratio of δ15N isotopes in their 46 

environment. The identification of these species will assist land managers in 47 

effectively monitoring NO3
− pollution in freshwater systems, thereby addressing 48 

public health concerns and supporting wildlife conservation priorities. 49 



Keywords: Nitrogen, nitrogen pollution, spring water, farmed areas, urban areas, 50 
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  52 



1. Introduction 53 

 Bryophytes include moss, liverwort and hornwort species that provide 54 

microhabitats for a diversity of organisms (Lindo and Gonzalez, 2010). 55 

Additionally, because some bryophyte taxa contain N2 fixing symbionts, they can 56 

be important in the N cycle in some ecosystems, for example boreal forest 57 

(Turetsky, 2003; Lindo and Whiteley, 2011; Cleveland et al., 2022), and they also 58 

play a key role in the global carbon (C) balance and in carbon dioxide exchange 59 

(Lindo et al., 2013; Porada et al., 2013; Spitale et al., 2020). However, losses in 60 

bryophyte diversity are expected with ongoing climate warming (He et al., 2016) 61 

and under global environmental change, such as increased levels of nitrogen (N) 62 

availability (Fernández-Martínez et al., 2020, 2021) that may lead to subsequent 63 

impacts on ecosystem function, including nutrient cycling and C balance. 64 

 Nitrogen pollution is a growing problem in aquatic and terrestrial ecosystems 65 

(Vitousek et al., 1997; Camargo and Alonso, 2006) due to atmospheric deposition 66 

of N from the burning of fossil fuels and groundwater inputs of inorganic forms of 67 

N (ammonia-NH3, ammonium-NH4, nitrite-NO2, nitrate-NO3) from intensive crop 68 

and livestock management practices (Ju et al., 2006; Huebsch et al., 2013), as 69 

well as runoff from agricultural areas (Skaggs et al., 1994; Collao Barrios, 2008; 70 

Huang et al., 2011). Increases in N availability reduce levels of plant and animal 71 

biodiversity (Porter et al., 2012) and lead to shifts in nutrient stoichiometry 72 

(Sardans and Peñuelas, 2012); for example, contrasting responses of bryophyte 73 

species to environmental pollutants (Pyari et al., 2010; Lindo et al., 2013; 74 

Stanković et al., 2018) have led to shifts in bryophyte community composition and 75 

decreases in species diversity under NO3
− pollution, due to greater abundance of 76 

N-tolerant species (nitrophilous) and reductions in abundance of N-sensitive 77 



species (nitrophobous) (Fernández-Martínez et al., 2020). Increases in 78 

stoichiometric ratios of N to phosphorus (P) (N:P) may alter the nutritional status 79 

of organisms, with implications for growth and performance (Elser et al., 2010; 80 

Penuelas et al., 2013, 2020; Sardans et al., 2016). Increasing plant N:P ratios is 81 

a common observation under N pollution, but the effect of increasing N on other 82 

elements beyond P has been seldom explored (but see Penuelas et al., 2020). 83 

Although there is evidence for toxic effects of excessive N on bryophytes, 84 

including damage to cell membranes, leading to solute leakage, reduced growth 85 

and shoot death (Potter et al., 1995; Carroll et al., 2000; Pearce et al., 2003; van 86 

der Wal et al., 2005), there is limited understanding of the effects of NO3
– pollution 87 

and associated shifts in nutrient stoichiometry on aquatic and semi-aquatic 88 

bryophyte species physiology and community structure and function.  89 

 Bryophytes are reliable environmental indicators of global warming (L. Dennis 90 

Gignac, 2001), having been used to explain previous climate changes (Désamoré 91 

et al., 2012), to validate climate models (Spitale et al., 2020), and are ideal 92 

candidates for pollution bioindicators (Pyari et al., 2010). This is because of their 93 

structural simplicity (lack of true roots and thick cuticles), rapid rates of growth 94 

and reproduction, diversity of host habitats, and sensitivity to environmental 95 

conditions (He et al., 2016; Fernández-Martínez et al., 2021). For example, 96 

bryophytes are characterised by a high capacity to accumulate toxic elements, 97 

such as heavy metals (Salemaa et al., 2004), that affect their distribution and 98 

functional traits (Fernández-Martínez et al., 2019). In addition, there is a need to 99 

improve our understanding of the impacts of N on bryophytes, and the 100 

confirmation of the sources of N pollution is required to improve environmental 101 

management. For example, analysis of δ15N may indicate that N comes from 102 



animal origin (high values) (Vanderklift and Ponsard, 2003) or N derived from 103 

inorganic fertilizer (values close to zero, similar to atmospheric nitrogen-N2) (Choi 104 

et al., 2007; Diebel and Zanden, 2009). However, there is a need to quantify the 105 

isotopic N composition of bryophytes for use as a reliable indicator of NO3
− 106 

pollution in aquatic and semi-aquatic ecosystems.  107 

The study of springs, draining groundwater, is important because these aquatic 108 

systems are unique and different from other water bodies such as lakes or rivers 109 

(Foster et al., 2000; Choi et al., 2007; Fleckenstein et al., 2010). Groundwater 110 

tends to have higher susceptibility to pollution than rivers (Kačaroğlu, 1999) and 111 

has a lower dilution capacity due to its size and water flow (Sophocleous, 2002). 112 

In addition, it may be surrounded by sensitive terrestrial ecosystems, such as 113 

spring ecosystems, which may be affected by groundwater quality (Danielopol et 114 

al., 2003; Kløve et al., 2011; Chiloane et al., 2022). Many springs are the main 115 

source of water supply in arid and semi-arid regions for economic activities and 116 

to meet the needs of the population. In addition, it has been observed that some 117 

bryophytes associated with springs may be different from those found in flowing 118 

waters in general, suggesting that these habitats play an important role in 119 

biodiversity conservation (Kuglerová et al., 2016).  120 

 The aims of this study were to investigate the effects of NO3
– water pollution on 121 

overall spring water chemistry, on the elemental and isotopic bryophyte 122 

composition in aquatic and semi-aquatic environments (springs) and to identify 123 

the most appropriate bioindicator species of N pollution for environmental 124 

monitoring protocols. We here hypothesized that nitrate pollution would alter the 125 

elemental composition of bryophytes, particularly that of N, δ15N and C:N and N:P 126 

stoichiometric  ratios. Thus, we analysed  bryophyte tissue concentrations of C,  127 



δ13C, N, δ15N , and XX other elements (including P, K, Ca, Na…) for 43 bryophyte 128 

species from 178 springs distributed across a climate-hydrogeochemical gradient 129 

(Fernández-Martínez et al., 2019). In our study we consider climate, altitude and 130 

water availability as they have an effect on bryophyte communities.  We test for 131 

effects of land use and NO3
− pollution on water chemistry, quantify NO3

− pollution 132 

effects on bryophyte elemental concentration and stoichiometry, and identify N-133 

sensitive species to increased NO3
− pollution in terms of changing their elemental 134 

composition, and δ15N in particular. 135 

2. Methods 136 

2.1 Study area 137 

 The 50-km wide study area extended along a 100-km longitudinal gradient in the 138 

north-eastern Iberian Peninsula, along the Serralada Litoral and across the 139 

regions of Montseny-Guilleries, Lluçanès, Moianès and Bages, Eastern Pyrenees 140 

and La Garrotxa that are characterised by contrasting climate and lithological 141 

conditions (Fig. S1). The Pyrenean climate is represented by cold winters and 142 

wet, cool summers, while lithology comprises plutonic and sedimentary rocks; 143 

Garrotxa climate conditions are continental and wet, while lithology is comprising 144 

calcareous and volcanic rocks; and climate of the Serralada Litoral Central is 145 

maritime Mediterranean and lithology is largely dominated by granite, with 146 

metamorphic rocks in the northeast (Sabater et al., 2015; Fernández-Martínez et 147 

al., 2016)The climate of Montseny-Guilleries and Lluçanès is sub-humid and 148 

lithology of Montseny is composed of granitic, metamorphic and calcareous 149 

rocks, while granite and other plutonic rocks dominate in Guilleries; lithology of 150 

Lluçanès-Moianès-Bages is entirely calcareous. These variations in lithology 151 



affect the dissolved ion and chemical composition of spring water and associated 152 

levels of conductivity and pH (Sabater et al., 2015).  153 

2.2 Study sites 154 

 We selected springs across the Serralada Litoral (N=32), and regions of 155 

Montseny-Guilleries (N=77), Lluçanès, Moianès and Bages (N=42), Eastern 156 

Pyrenees (N=6) and La Garrotxa (N=21). Study sites comprised point-sources of 157 

groundwater drained from aquifers or natural springs to an outflow and vegetation 158 

of the surrounding areas. The construction of the water point-sources were 159 

similar, comprising a rock wall, drainage channel and retaining sink fitted with an 160 

outflow spout. The area surrounding the water point-sources (c. 200–1000 m) 161 

was defined as the area of potential aquifer recharge and land use was classified 162 

in the field and using aerial imagery (http://www.icc.cat/vissir3/) as natural (forest, 163 

shrubland, non-grazed grassland), extensively farmed (livestock), intensively 164 

agriculture (cropland) or urbanized. Study site lithology was extracted from 165 

http://www.icgc.cat/ and classified according to Fernández-Martínez et al. (2019).  166 

 Using GPS geolocated coordinates of the water point-sources, study site 167 

monthly precipitation and temperature data were extracted from the digital 168 

Climatic Atlas of Catalonia (http://www.opengis.uab.cat/acdc/index.htm) and 169 

seasonal values were calculated as the average across March–May (spring), 170 

June–August (summer), September–November (autumn) and December–171 

February (winter); given high levels of collinearity between climate variables, we 172 

used spring and summer values as determinants of spring water runoff, and we 173 

calculated seasonality of precipitation and temperature as the coefficient of 174 

variation of monthly values. Study site altitude was extracted using an elevation 175 

digital model with 30-m resolution, water availability was calculated as reference 176 

http://www.icc.cat/vissir3/
http://www.icgc.cat/
http://www.opengis.uab.cat/acdc/index.htm


evapotranspiration minus monthly precipitation (Hargreaves, 1994) and a binary 177 

measure of shade was used as a proxy for insolation.  178 

2.3 Spring water sampling and analysis 179 

 Electrical conductivity and pH of the spring water were measured in situ at the 180 

study sites using a combined conductivity and pH meter (Hanna Instruments 181 

model HI 98129, Woonsocket, Rhode Island, USA). We collected water samples 182 

(Fig. S2) that were filtered at 0.45 µm and stored at -20°C prior to analysis.  183 

 Anion content (NO3
−, sulphate-SO4

2− and chloride-Cl−) was measured using ionic 184 

chromatography (STD_50ppm-CH2) and content of cations (potassium-K
+
, 185 

calcium-Ca
2+

, sodium-Na
+
 and magnesium-Mg

2+
) was measured ion exchange 186 

chromatography; we recorded PO4
3− content using the colorimetric method 187 

(Murphy and Riley, 1962). Concentrations of the metals arsenic (As), chromium 188 

(Cr), nickel (Ni), cobalt (Co), iron (Fe), zinc (Zn), copper (Cu), manganese (Mn), 189 

aluminium (Al), cadmium (Cd), mercury (Hg) and lead (Pb) were quantified using 190 

inductively coupled plasma mass spectrometry (ICP-MS). Further details of water 191 

chemical composition analysis are reported by Fernández-Martínez et al. (2019).  192 

2.4 Bryophyte sampling and analysis 193 

 Across the study sites, we collected 253 bryophyte plants from 2013 to 2019 194 

during spring, summer and autumn, representing 35 hygrophytic species (six 195 

liverworts and 29 mosses) that were either in direct contact with the spring water 196 

or within the splash zone; continuous contact with the water was interrupted only 197 

in some springs, because of intense drought in the preceding summer, or due to 198 

frozen water during winter. The bryophytes were identified to species according 199 

to Casas et al. (2001) and Smith (2004), following nomenclature established by 200 

Hill et al. (2006).  201 



 Following identification, samples were stored dry prior to chemical composition 202 

analyses, when they were submerged in a solution of acetic acid (pH 2.7) to 203 

remove incrustations of calcium carbonate (CaCO3) and then rinsed using 204 

distilled water; samples were subsequently dried at 60°C for 48 h and ground to 205 

a powder in liquid N using a mortar and pestle. Elemental concentrations of C 206 

and N and the isotopic ratios of δ13C and δ15N were quantified using isotope ratio 207 

MS (IRMS) using a Flash EA1112 and TC/EA coupled to a Delta C stable-isotope 208 

mass spectrometer through a ConFlo III interface (Thermo Finnigan, Thermo 209 

Electron Corporation, Bremen, Germany). Analyses of δ13C and δ15N isotope 210 

ratios in bryophyte samples allows the influence of nitrogen pollution on nutrient 211 

cycling to be assessed. These measurements can provide information on the 212 

source of carbon and nitrogen they are using and how these nutrients are being 213 

transformed and mobilised in the ecosystem. In addition, δ13C and δ15N isotope 214 

ratios in bryophytes can also be used as a tool to assess the impact of nitrogen 215 

pollution on biodiversity and ecosystem health. Concentrations of Na, K, Mg, Ca, 216 

Cl, As, Cr, Ni, Co, Fe, Zn, Cu, Mn, Al, Cd, Hg and Pb were determined using 217 

inductively coupled plasma optical emission/mass (ICP-OES/MS) 218 

spectrophotometry (ELAN 600 and Optima 8300, Perkin Elmer, Waltham, 219 

Massachusetts, USA) following pre-digestion overnight at 90 °C in a 2:1 nitric 220 

acid:hydrogen peroxide solution.  221 

 During the autumn of 2020, we collected 105 bryophytes from 51 springs to test 222 

for elemental composition of leachates; samples comprised 16 species of moss 223 

and 9 species of liverwort. This campaign belonged to another project aiming to 224 

study bryophyte leachates and desiccation resistance. These bryophytes were 225 

maintained at room temperature for 24 h and then rinsed at low-intensity agitation 226 



for 10 min using distilled water before they were dried at 50 °C for 48 h. Leachates 227 

were extracted by rehydrating each bryophyte in 100 mL of distilled water for 1 h, 228 

with mild agitation; following extraction, 18 samples that were incrusted with 229 

CaCO3 were soaked in acetic acid (pH 2.7) for 1 h for its removal. Concentration 230 

of elemental cations and metals in the leachate solution was quantified using ICP-231 

MS, as described above for spring water, including sulphur and phosphorus that 232 

had previously been analysed as SO₄²– and PO₄³–. Leachate content of total non-233 

particulate organic carbon (NPOC) and total N (TN) was determined by (non-234 

purgeable organic C, using the Analytik Jena-Analyser multi N/C 3100, Analytik 235 

Jena, Jena, Germany). Following leachate extraction, the bryophytes were dried 236 

at 60 °C for 48h to a constant weight and then ground to a powder prior to 237 

determination of elemental composition using IRM-MS and ICP-MS, as described 238 

above for the previous set of bryophyte samples.  239 

 We calculated total elemental composition of the bryophytes by summing 240 

together element masses extracted from each sample of bryophyte 241 

(concentration × sample dry weight) and the corresponding leachate 242 

(concentration × 100 mL) and then dividing by the total dry weight of the sample.  243 

2.5 Statistical analyses 244 

In this study, the objective of the PCA was to assess the effect of land use and 245 

NO3
− pollution on groundwater chemical composition (beyond that of nitrate), as 246 

well as to identify the whether the concentration of other variables that were 247 

associated with nitrate pollution (Fig. 1A,B). We denoted the three PCA 248 

performed with water chemistry as PCWQ1, PCWQ2, and PCWQ3. PCWQ1 was 249 

associated with high values of K+, Cl–, SO₄², Na+ and Mg2+, while PCWQ2 was 250 

negatively related to metals, such as Fe, Co, Mn and Al, and PCWQ3 was 251 



negatively related to Ni and Cu; PCs 1, 2 and 3 accounted for 27, 15, 10% of the 252 

variation in spring water chemistry. To test for main effects of NO3
− pollution on 253 

water chemistry and elemental composition of spring water, we used linear 254 

models in which the response variable comprised the first three axes of the PCA 255 

for each element and the explanatory variables were NO3
− concentration, mean 256 

annual precipitation (MAP), lithology (a factor of N levels) and land use; MAP was 257 

included, because it is negatively related to spring water solute content 258 

(Fernández-Martínez et al., 2019). To test for main effects of land use on NO3
− 259 

pollution, we built a linear model in which NO3
− was the response variable and 260 

MAP, lithology and land use were explanatory variables. Variance explained by 261 

the explanatory variables (R2) was calculated using in the relaimpo R package 262 

using the “calc.relimp” function, with the metric “lmg” (Ulrike Grömping, 2006).  263 

 We performed another PCA in order to reduce the dimensionality of the climate 264 

dataset and take into account the influence of the climate on the elemental 265 

composition of bryophytes while investigating the role of nitrate. The first climate 266 

axis (Fig. 1C) was positively related to mean annual precipitation, mean annual 267 

water availability, altitude, and seasonality in temperature (explaining 61%). The 268 

second axis was positively related to MAT mean annual temperature, MAP and 269 

WA mean annual water availability (explaining 16%). We additionally performed 270 

a PCA to reduce the dimensionality of the bryophyte elemental composition 271 

where the first two axes explained, respectively, 21% and 14% of the variability 272 

in the data, (Fig. 1D). The first axis was positively related to C and K and 273 

negatively related to Al, Fe, Co, Cr, Mn, Ni, As and Cu. The second axis was 274 

positively related to Mg, P, S, Na and K and very weakly negatively related to Cu 275 

and As.  276 



 To analyse the effect of nitrate pollution on bryophyte chemistry we performed 277 

mixed models for each element and the two first axes extracted for bryophyte 278 

chemistry where species, the field seasons (2013-2019, and 2020 field seasons) 279 

and the spring (site) were selected as random factors and land-use, shade, and 280 

the selected PCA axes of water chemistry (the first, second and third axis as 281 

water chemistry data as explanatory variables) and climate as explanatory 282 

variables (the first and second axes of the PCA performed with climate data as 283 

explanatory variables). 284 

 We used linear mixed models to test for sensitivity to N for species with sample 285 

N>10 (2 liverworts and 9 mosses), with response variables comprising bryophyte 286 

content of δ15N, C, N, P, and ratios of C:P, C:N and N:P, and PCBC1–2 for 287 

bryophyte chemistry, and explanatory variables comprising spring water NO3
− 288 

content, PCWQ1 for water chemistry and PCC1 for climate effects on bryophyte 289 

chemistry, with campaign as a random factor. We used linear models to estimate 290 

sensitivity to N for species represented by data for a one single campaign.  291 

 Data for elemental concentrations were log-transformed prior to analysis, as 292 

were data for NO3
− concentrations prior to analysis using linear models, to 293 

account for potential non-linear effects derived from saturated pollution; visual 294 

inspection of model residuals confirmed that all model assumptions were met. 295 

We applied the false discovery rate correction (Benjamini and Hochberg, 1995) 296 

to p-values to avoid alpha-inflation when fitting models with the same predictors 297 

for different response variables (“p.adjust” function in “stats” R package). All 298 

statistical analyses were performed using R (version 4.2.0; R Core Team, 2021). 299 

3. Results 300 

3.1 Drivers of spring water chemistry 301 



 Land use influenced spring water NO3
− concentrations, particularly in agricultural 302 

and urban areas, while levels of NO3
− were similar in extensively farmed and 303 

natural areas (Fig. 2A). The concentration of other elements in spring water, such 304 

as Na+, Co, Mn and Pb, were also significantly affected by land use (Table 1). 305 

Because springs drain groundwater, the nitrate concentration in the spring water 306 

is equivalent to that of the groundwater feeding the spring. The effect of nitrogen-307 

derived byproducts (e.g., manure), which not only contain NO3
–, was low on water 308 

chemistry. However, NO3
– can be an indicator that ions such as Cl-, Cr, and Zn 309 

are positively associated, and Fe and Mn are negatively associated with 310 

groundwater contamination (Table 1). In contrast, lithology was a key driver of 311 

spring water chemical composition for all recorded elements, with the exception 312 

of Co, Zn and Al (Table 1). Springs subjected to larger amounts of precipitation 313 

generally presented lower concentrations of elements (including NO3
−; Fig. 2B), 314 

except for PO₄³ and Cr, for which the relationship was positive and As, Zn, Cu, 315 

Cd and Pb for which there was no significant relationship (Table 1). 316 

3.2 Drivers of bryophyte elemental composition 317 

 The results of the mixed models showed that the effect of nitrate on bryophyte 318 

chemistry was relatively low (Table 2). Land use showed a significant effect on 319 

δ15N, presenting higher values in springs near crops and urban areas compared 320 

to those from natural or extensive farming areas. Bryophyte N concentration was 321 

higher in springs near urban areas compared to those in natural areas, and 322 

bryophyte Pb concentration was higher in springs near urban areas compared to 323 

those near crops or natural areas. Shaded springs presented lower values of δ15N 324 

and P, and higher concentrations of C in the bryophytes compared to those living 325 

in springs in direct sunlight.  326 



 Nitrate pollution significantly increased bryophyte N and δ15N concentration (Fig. 327 

3), albeit the positive relationship between nitrate and bryophyte N concentration 328 

disappeared when considering other environmental factors (Table 2). Actually, 329 

the concentration of most elements in bryophytes did not show any significant 330 

relationship with the water chemistry of the springs, included in the models as the 331 

first three axes of a PCA (Table 2). PCWQ1, related to hard water with high K, 332 

Cl–, SO₄²–, Na and Mg concentration, was positively related to higher 333 

concentrations of Na, Ca and Cu in bryophytes. On the other hand, PCWQ2, 334 

which was negatively associated with heavy metals in spring water (Fe, Co, Mn 335 

and Al, see Figure 1A), was also negatively related to bryophyte concentrations 336 

of δ13C, Fe, Cd and Co, where a strong relationship was observed with Cd and 337 

Co (Table 2). Co, again, had a strong negative relationship in PCWQ3 (mainly 338 

driven by Cu and Ni but also Co), where a negative effect was also observed for 339 

Cd, C, P, Ni, Zn and δ15N and the reaction was positive only for Mn (Table 2). 340 

 341 

Climate, overall, presented a very weak relationship with bryophyte elemental 342 

composition. Our models indicated that only N and P presented positive and 343 

significant relationships with PCC2 (indicating rainy climate and harsh summer) 344 

and a negative and significant relationship for As. With PCC2 only Cu presented 345 

a positive relationship, indicating wet and cold weather. 346 

 347 

3.3 Elemental composition responses of species to nitrate pollution  348 

Although overall elemental composition or C:N:P ratios of the tested bryophytes 349 

did not strongly respond to spring water NO3
− concentration, there were positive 350 

relationships between bryophyte δ15N concentration and spring water 351 



concentrations of NO3
− for more than 50% of the species (Table 3; see Figure 4 352 

for Apopellia endiviifolia). We also found a positive relationship with bryophyte 353 

N concentration in Apopellia endiviifolia and Thamnobryum alopecurum and a 354 

negative relation in Oxyrrhynxium speciosum (Table 3). Sensitivity refers to the 355 

responsiveness of bryophytes to nitrate concentrations in water, affecting their 356 

elemental composition and C:N:P ratios. Apopellia endiviifolia showed greater 357 

sensitivity to NO3
- concentration in spring water, as there were positive 358 

relationships with δ15N, C and N concentrations, and a negative relationship with 359 

C:N ratios. Plagiomnium undulatum and Brachythecium rivulare showed a lack 360 

of sensitivity to groundwater NO3
− content (Table 3).  361 

 362 

4. Discussion 363 

4.1 Environmental drivers of spring water chemistry 364 

Intensive agriculture and urbanization increase N inputs to water bodies and 365 

contribute to the eutrophication of surface and coastal waters (Pierobon et al., 366 

2013). Indeed, our results indicated that groundwater NO3
− concentrations were 367 

higher in urbanised areas, and particularly high in intensively farmed areas, 368 

compared with natural and extensively farmed areas, likely due to leaching of N 369 

from inputs of slurry, wastewater and organic and inorganic fertilisers (Pierobon 370 

et al., 2013). In the study region, fine free-draining soils and karst aquifers 371 

coincide in agricultural areas, increasing the vulnerability of groundwater to NO3
− 372 

pollution (Huebsch et al., 2014). Previous research has shown that NO3
– pollution 373 

can interact with climate, as regions with larger precipitation tend to present lower 374 

concentrations of NO3
– due to the diluting effect of precipitation (Fernández-375 

Martínez et al., 2019). It should also be noted that areas with higher levels of 376 



precipitation may experience greater leaching of N due to the increased amount 377 

of water available to dissolve nitrogen compounds and transport them to 378 

underground aquifers. Our results indicate that persistent NO3
− pollution of 379 

groundwater is the result of intensive anthropogenic land use (Egmond et al., 380 

2002).   381 

 382 

In contrast to N, P did not appear to increase in spring water close to agricultural 383 

lands (Table 1) even though P leaches into water courses due to fertiliser use 384 

and erosion of soil in agricultural systems and through drainage of water in 385 

urbanized areas. Our results clearly showed lower spring water N concentrations 386 

in natural and extensively farmed areas (Figure 2) indicating lower inputs of N 387 

and full ecosystem uptake of N. Our finding that bryophyte δ15N concentration 388 

was positively associated with levels of groundwater NO3
− pollution (Table 2, 389 

Figure 3 and 4) indicates that this is from animal sources of N, most likely as 390 

manure fertiliser.  391 

 392 

We found few changes in spring water chemical composition in response to NO3
− 393 

pollution, even though some sources of NO3
− pollution, such as manure, could 394 

leach other ions into groundwater. For example, levels of groundwater NO3
− 395 

pollution were positively related to content of Cl–, Cr and Zn and negatively related 396 

to concentrations of Fe and Mn (Table 1). Increases in Cl– concentration with 397 

levels of NO3
− pollution may indicate waste water leakages, particularly in 398 

urbanized and agricultural areas where chlorinated water is used, while increases 399 

in Cr and Zn are likely to be related to fertiliser use and household activities (Khan 400 

et al., 1981). However, the reason why Fe, Mn and other heavy metals decrease 401 



in springs presenting nitrate pollution could be related to the fact that, in our 402 

dataset, nitrate pollution is mainly located in regions with carbonated lithology, 403 

which typically presents lower concentrations of heavy metals compared to 404 

granitic aquifers (Fernández-Martínez et al., 2019). Hence, these results should 405 

be interpreted with caution. 406 

 407 

Nonetheless, the spring lithology played a very important role determining spring 408 

water chemistry. This result was expected given that some of the most significant 409 

elements come directly from the dissolution of the minerals within the aquifer. 410 

Variations in water chemistry show a clear correlation with regional lithological 411 

distribution and topography (Sabater et al., 2015; Thivya et al., 2013) i.e. the 412 

chemical quality of groundwater depends on the characteristics of the exposed 413 

soil and rock masses present along the path of the groundwater saturation zone 414 

(Foster et al., 2000; Thivya et al., 2013). Mean annual precipitation was also an 415 

important factor controlling spring water chemistry, mostly reducing the 416 

concentration of elements except for a few cases (e.g., phosphate). Our results 417 

fully support the dilution effect produced by the mixing of rain water with ground 418 

water which is one of the most important process controlling groundwater 419 

chemistry (Fernández-Martínez et al., 2019).  420 

 421 

4.2 Impacts of spring water nitrate on bryophyte chemistry 422 

Our analyses showed that nitrate pollution did not systematically alter the 423 

elemental composition of bryophytes beyond δ15N, and potentially N (Figure 4), 424 

when analysed all together (Table 2), even though several species presented 425 

strong responses to nitrate pollution (Table 3, Figure 5). Thus, our results 426 



indicated that overall water chemistry and, to a lesser extent, land use may elicit 427 

stronger impacts on bryophyte chemistry than water concentrations of NO3
−. 428 

While water chemistry is recognized as an important driver of bryophyte 429 

chemistry in the study area (Fernández-Martínez et al., 2021), the impacts of land 430 

use on aquatic and semi-aquatic bryophyte chemistry were unknown.  431 

The nitrogen cycle is a complex process that involves multiple steps and 432 

transformations (Imsande and Touraine, 1994; Canfield et al., 2010). During 433 

these processes, nitrogen can be fractionated, meaning its heavy isotope (15N) 434 

can be preferentially absorbed or released depending on environmental 435 

conditions (Vitousek and Hobbie, 2000; Casciotti and McIlvin, 2007). The 436 

analysis of δ15N content of bryophytes allows the identification of anthropogenic 437 

sources of N emissions (Solga, n.d.; Delgado et al., 2013; Varela et al., 2013; 438 

Izquieta-Rojano et al., 2016), with organic sources being indicated by values >0 439 

(when N passes through animals, the lighter 14N is absorbed preferentially thus 440 

releasing proportionally the heavier 15N), whereas inorganic sources (fertilisers) 441 

are indicated by values ≈0 (levels of atmospheric N2) (Robinson, 2001; Casciotti 442 

and McIlvin, 2007). We showed that increases in bryophyte δ15N concentrations 443 

with levels of NO3
− indicate that the N sources are most likely derived from 444 

farming or manure applications to agricultural fields.  445 

 446 

4.3 Bryophytes as bioindicators of nitrate pollution 447 

In a context of pollution, we refer to "elemental sensitivity" to the ability of certain 448 

plant or animal species to accumulate or respond to a specific element (Gaillardet 449 

et al., 2003; Gumienna-Kontecka et al., 2018), such as in this case, nitrogen in 450 

the form of NO3
- (Frost et al., 2005; Hall et al., 2005). Of the eleven bryophyte 451 



species, we found evidence for elemental sensitivity to NO3
− pollution in five 452 

mosses (Rhynchostegium riparioides, Eucladium verticillatum, Didymodon 453 

tophaceus, Cratoneuron filicinum, Oxyrrhynchium speciosum) and a liverwort 454 

(Apopellia endiviifolia), where sensitivity was greatest in A. endiviifolia. Previous 455 

research has shown that A. endiviifolia is the most widespread and frequently 456 

occurring species in the study region (Fernández-Martínez et al., 2020) and, 457 

combined with its sensitivity to groundwater NO3
− (Figure 4), we suggest this 458 

species is an appropriate candidate as an indicator in NO3
− biomonitoring 459 

programmes in aquatic and semi-aquatic environments. The presence of A. 460 

endiviifolia in an area can be an indirect indicator of the presence of nitrate in 461 

groundwater or soil, as this species has been found in sites with high nitrate 462 

concentrations. However, it is also true that tissue concentrations of A. endiviifolia 463 

reflect environmental nitrate concentrations in groundwater, making it a direct 464 

indicator of the presence of nitrate in water over long periods (Sossey Alaoui and 465 

Rosillon, 2013; Puczko et al., 2018; Mohamed, 2020). 466 

 467 

Our finding that δ15N content in O. speciosum, D. tophaceous, C. filicinum, E. 468 

verticillatum and R. riparioides was sensitive to groundwater levels of NO3
− may 469 

contribute to their consideration as bioindicator candidates, given their common 470 

occurrence in aquatic and semi-aquatic habitats (Loo et al., 2008; Fernández-471 

Martínez et al., 2020; Rimac et al., 2022a, 2022b) and known ecology. For 472 

example, R. riparioides is a widely used bioindicator of heavy metals (Carballeira 473 

and López, 1997; Samecka-Cymerman et al., 2002), including Cu (Claveri and 474 

Mouvet, 1995), eutrophic waters (Vanderpoorten et al., 2013), where it is 475 

positively associated with P, K and N (García-Álvaro et al., 2000), and some rare 476 



earth elements (Pratas et al., 2017), while C. filicinum and E. verticillatum are 477 

associated with oligotrophic waters (Ceschin et al., 2012). We found that just two 478 

species showed sensitivity in tissue N concentration to NO3
− pollution (T. 479 

alopecurum and A. endiviifolia); T. alopecurum has been used to biomonitor 480 

metal pollution (Pratas et al., 2017) and atmospheric depositions of Zn and Fe 481 

(Cojocareanu et al., 2010).  482 

Overall, our results indicate that the analysis of δ15N and N concentration of 483 

bryophytes by IRMS, rather than a comprehensive elemental analysis using ICP-484 

MS, represents a cost-effective and effective approach to NO3
− pollution 485 

monitoring in aquatic and semi-aquatic habitats. Biomonitoring of bioindicator 486 

species such as A. endiviifolia is a useful and effective way to assess water 487 

quality and detect the presence of pollutants (Parzych et al., 2018), as these 488 

species can reflect environmental conditions over time and space (Elser et al., 489 

2010; Gecheva and Yurukova, 2013, 2014; Vieira et al., 2018), and are able to 490 

accumulate and magnify contaminants in their tissues (Shacklette and Erdman, 491 

1982; Basile et al., 2012; Favas et al., 2018). 492 

 493 

CRediT authorship contribution statement 494 

AM, JP, FS and MFM planned and designed the study. AM, JC, OC, CP, FS and 495 

MFM, conducted fieldwork and laboratory analyses. AM analysed data. All 496 

authors contributed to writing the manuscript. 497 

 498 

Acknowledgements 499 

This study was funded by the Institució Catalana d'Història Natural (ICHN) and 500 

the Secció de Ciències Biològiques de l'Institut d'Estudis Catalans (IEC), the 501 



Catalan government project SGR2021-01333 and the European Research 502 

Council project ERC-StG-2022-101076740 STOIKOS. M.F-M. was supported by 503 

a fellowship from ”la Caixa” Foundation (ID 100010434), code: 504 

LCF/BQ/PI21/11830010 and a Ramón y Cajal fellowship (RYC2021-031511-I) 505 

funded by the Spanish Ministry of Science and Innovation, the NextGenerationEU 506 

program of the European Union, the Spanish plan of recovery, transformation 507 

and resilience, and the Spanish Research Agency. JP was funded by the Spanish 508 

government grant TED2021-132627B-I00.  509 

  510 



References 511 

Basile, A., Sorbo, S., Conte, B., Cobianchi, R.C., Trinchella, F., Capasso, C., Carginale, 512 

V., 2012. Toxicity, Accumulation, and Removal of Heavy Metals by Three 513 

Aquatic Macrophytes. International Journal of Phytoremediation 14, 374–387. 514 

https://doi.org/10.1080/15226514.2011.620653 515 

Benjamini, Y., Hochberg, Y., 1995. Controlling the False Discovery Rate: A Practical 516 

and Powerful Approach to Multiple Testing. Journal of the Royal Statistical 517 

Society: Series B (Methodological) 57, 289–300. https://doi.org/10.1111/j.2517-518 

6161.1995.tb02031.x 519 

Camargo, J.A., Alonso, Á., 2006. Ecological and toxicological effects of inorganic 520 

nitrogen pollution in aquatic ecosystems: A global assessment. Environment 521 

International 32, 831–849. https://doi.org/10.1016/j.envint.2006.05.002 522 

Canfield, D.E., Glazer, A.N., Falkowski, P.G., 2010. The Evolution and Future of 523 

Earth’s Nitrogen Cycle. Science 330, 192–196. 524 

https://doi.org/10.1126/science.1186120 525 

Carballeira, A., López, J., 1997. Physiological and Statistical Methods to Identify 526 

Background Levels of Metals in Aquatic Bryophytes: Dependence on Lithology. 527 

Journal of Environmental Quality 26, 980–988. 528 

https://doi.org/10.2134/jeq1997.00472425002600040008x 529 

Carroll, J.A., Johnson, D., Morecroft, M., Taylor, A., Caporn, S.J.M., Lee, J.A., 2000. 530 

The effect of long-term nitrogen additions on the bryophyte cover of upland 531 

acidic grasslands. Journal of Bryology 22, 83–89. 532 

https://doi.org/10.1179/jbr.2000.22.2.83 533 

Casas, C., Brugués, M., Cros, R.M., 2001. Flora dels briòfits dels Països Catalans. 534 

Institut d’Estudis Catalans. 535 

Casciotti, K.L., McIlvin, M.R., 2007. Isotopic analyses of nitrate and nitrite from 536 

reference mixtures and application to Eastern Tropical North Pacific waters. 537 

Marine Chemistry 107, 184–201. 538 

https://doi.org/10.1016/j.marchem.2007.06.021 539 

Ceschin, S., Aleffi, M., Bisceglie, S., Savo, V., Zuccarello, V., 2012. Aquatic 540 

bryophytes as ecological indicators of the water quality status in the Tiber River 541 

basin (Italy). Ecological Indicators 14, 74–81. 542 

https://doi.org/10.1016/j.ecolind.2011.08.020 543 

Chiloane, C., Dube, T., Shoko, C., 2022. Impacts of groundwater and climate variability 544 

on terrestrial groundwater dependent ecosystems: a review of geospatial 545 

assessment approaches and challenges and possible future research directions. 546 

Geocarto International 37, 6755–6779. 547 

https://doi.org/10.1080/10106049.2021.1948108 548 

Choi, W.-J., Han, G.-H., Lee, S.-M., Lee, G.-T., Yoon, K.-S., Choi, S.-M., Ro, H.-M., 549 

2007. Impact of land-use types on nitrate concentration and δ15N in unconfined 550 

groundwater in rural areas of Korea. Agriculture, Ecosystems & Environment 551 

120, 259–268. https://doi.org/10.1016/j.agee.2006.10.002 552 

Claveri, B., Mouvet, C., 1995. Temperature effects on copper uptake and CO2 553 

assimilation by the aquatic moss Rhynchostegium riparioides. Arch. Environ. 554 

Contam. Toxicol. 28, 314–320. https://doi.org/10.1007/BF00213108 555 

Cleveland, C.C., Reis, C.R.G., Perakis, S.S., Dynarski, K.A., Batterman, S.A., Crews, 556 

T.E., Gei, M., Gundale, M.J., Menge, D.N.L., Peoples, M.B., Reed, S.C., 557 

Salmon, V.G., Soper, F.M., Taylor, B.N., Turner, M.G., Wurzburger, N., 2022. 558 

Exploring the Role of Cryptic Nitrogen Fixers in Terrestrial Ecosystems: A 559 



Frontier in Nitrogen Cycling Research. Ecosystems 25, 1653–1669. 560 

https://doi.org/10.1007/s10021-022-00804-2 561 

Cojocareanu, P., Ionela Mezdrea, Pata, Sandu-Marius, Macoveanu, Matei, 2010. 562 

BIOMONITORING OF ATMOSPHERIC POLLUTION OF Fe AND Zn 563 

USING NATIVE EPIGEIC MOSSES. Environmental Engineering & 564 

Management Journal (EEMJ) 9, p1217-1225. 565 

Collao Barrios, G.C., 2008. Contaminación de las Aguas Subterráneas por Nitratos 566 

Provenientes de la Utilización de Purines de Cerdo en la Agricultura. 567 

Danielopol, D.L., Griebler, C., Gunatilaka, A., Notenboom, J., 2003. Present state and 568 

future prospects for groundwater ecosystems. Environmental Conservation 30, 569 

104–130. https://doi.org/10.1017/S0376892903000109 570 

Delgado, V., Ederra, A., Santamaría, J.M., 2013. Nitrogen and carbon contents and 571 

δ15N and δ13C signatures in six bryophyte species: assessment of long-term 572 

deposition changes (1980–2010) in Spanish beech forests. Global Change 573 

Biology 19, 2221–2228. https://doi.org/10.1111/gcb.12210 574 

Désamoré, A., Laenen, B., Stech, M., Papp, B., Hedenäs, L., Mateo, R.G., 575 

Vanderpoorten, A., 2012. How do temperate bryophytes face the challenge of a 576 

changing environment? Lessons from the past and predictions for the future. 577 

Global Change Biology 18, 2915–2924. https://doi.org/10.1111/j.1365-578 

2486.2012.02752.x 579 

Diebel, M.W., Zanden, M.J.V., 2009. Nitrogen stable isotopes in streams: effects of 580 

agricultural sources and transformations. Ecological Applications 19, 1127–581 

1134. https://doi.org/10.1890/08-0327.1 582 

Egmond, K. van, Bresser, T., Bouwman, L., 2002. The European Nitrogen Case. ambi 583 

31, 72–78. https://doi.org/10.1579/0044-7447-31.2.72 584 

Elser, J.J., Fagan, W.F., Kerkhoff, A.J., Swenson, N.G., Enquist, B.J., 2010. Biological 585 

stoichiometry of plant production: metabolism, scaling and ecological response 586 

to global change. New Phytologist 186, 593–608. https://doi.org/10.1111/j.1469-587 

8137.2010.03214.x 588 

Favas, P.J.C., Pratas, J., Rodrigues, N., D’Souza, R., Varun, M., Paul, M.S., 2018. 589 

Metal(loid) accumulation in aquatic plants of a mining area: Potential for water 590 

quality biomonitoring and biogeochemical prospecting. Chemosphere 194, 158–591 

170. https://doi.org/10.1016/j.chemosphere.2017.11.139 592 

Fernández-Martínez, M., Bagaria, G., Cañizares, R., Raya, I., Preece, C., Margalef, O., 593 

Domene, X., 2016. Terra Negra: un sòl sobre pissarres al Montnegre. Atzavara, 594 

L’ 26, 67–72. 595 

Fernández-Martínez, M., Corbera, J., Domene, X., Sayol, F., Sabater, F., Preece, C., 596 

2020. Nitrate pollution reduces bryophyte diversity in Mediterranean springs. 597 

Science of The Total Environment 705, 135823. 598 

https://doi.org/10.1016/j.scitotenv.2019.135823 599 

Fernández-Martínez, M., Margalef, O., Sayol, F., Asensio, D., Bagaria, G., Corbera, J., 600 

Sabater, F., Domene, X., Preece, C., 2019. Sea spray influences water chemical 601 

composition of Mediterranean semi-natural springs. CATENA 173, 414–423. 602 

https://doi.org/10.1016/j.catena.2018.10.035 603 

Fernández-Martínez, M., Preece, C., Corbera, J., Cano, O., Garcia-Porta, J., Sardans, J., 604 

Janssens, I.A., Sabater, F., Peñuelas, J., 2021. Bryophyte C:N:P stoichiometry, 605 

biogeochemical niches and elementome plasticity driven by environment and 606 

coexistence. Ecology Letters 24, 1375–1386. https://doi.org/10.1111/ele.13752 607 

Fleckenstein, J.H., Krause, S., Hannah, D.M., Boano, F., 2010. Groundwater-surface 608 

water interactions: New methods and models to improve understanding of 609 



processes and dynamics. Advances in Water Resources, Special Issue on ground 610 

water-surface water interactions 33, 1291–1295. 611 

https://doi.org/10.1016/j.advwatres.2010.09.011 612 

Foster, S., Chilton, J., Moencg, M., Cardy, F., Schiffler, M., 2000. Groundwater in rural 613 

development. The World Bank. https://doi.org/10.1596/0-8213-4703-9 614 

Frost, P.C., Evans-White, M.A., Finkel, Z.V., Jensen, T.C., Matzek, V., 2005. Are you 615 

what you eat? Physiological constraints on organismal stoichiometry in an 616 

elementally imbalanced world. Oikos 109, 18–28. 617 

https://doi.org/10.1111/j.0030-1299.2005.14049.x 618 

Gaillardet, J., Viers, J., Dupré, B., 2003. Trace Elements in River Waters. Treatise on 619 

Geochemistry 5, 605. https://doi.org/10.1016/B0-08-043751-6/05165-3 620 

García-Álvaro, M.A., Martínez-Abaigar, J., Núñez-Olivera, E., Beaucourt, N., 2000. 621 

Element Concentrations and Enrichment Ratios in the Aquatic Moss 622 

Rhynchostegium riparioides along the River Iregua (La Rioja, Northern Spain). 623 

bryo 103, 518–533. https://doi.org/10.1639/0007-624 

2745(2000)103[0518:ECAERI]2.0.CO;2 625 

Gecheva, G., Yurukova, L., 2014. Water pollutant monitoring with aquatic bryophytes: 626 

a review. Environ Chem Lett 12, 49–61. https://doi.org/10.1007/s10311-013-627 

0429-z 628 

Gecheva, G., Yurukova, L., 2013. Water Quality Monitoring by Aquatic Bryophytes, in: 629 

Lichtfouse, E., Schwarzbauer, J., Robert, D. (Eds.), Green Materials for Energy, 630 

Products and Depollution, Environmental Chemistry for a Sustainable World. 631 

Springer Netherlands, Dordrecht, pp. 415–448. https://doi.org/10.1007/978-94-632 

007-6836-9_9 633 

Gumienna-Kontecka, E., Rowińska-Żyrek, M., Łuczkowski, M., 2018. The Role of 634 

Trace Elements in Living Organisms, in: Recent Advances in Trace Elements. 635 

John Wiley & Sons, Ltd, pp. 177–206. 636 

https://doi.org/10.1002/9781119133780.ch9 637 

Hall, S.R., Smith, V.H., Lytle, D.A., Leibold, M.A., 2005. Constraints on Primary 638 

Producer N:p Stoichiometry Along N:p Supply Ratio Gradients. Ecology 86, 639 

1894–1904. https://doi.org/10.1890/04-1045 640 

Hargreaves, G.H., 1994. Defining and Using Reference Evapotranspiration. Journal of 641 

Irrigation and Drainage Engineering 120, 1132–1139. 642 

https://doi.org/10.1061/(ASCE)0733-9437(1994)120:6(1132) 643 

He, X., He, K.S., Hyvönen, J., 2016. Will bryophytes survive in a warming world? 644 

Perspectives in Plant Ecology, Evolution and Systematics 19, 49–60. 645 

https://doi.org/10.1016/j.ppees.2016.02.005 646 

Hill, M.O., Bell, N., Bruggeman-Nannenga, M.A., Brugués, M., Cano, M.J., Enroth, J., 647 

Flatberg, K.I., Frahm, J.-P., Gallego, M.T., Garilleti, R., Guerra, J., Hedenäs, L., 648 

Holyoak, D.T., Ignatov, M.S., Lara, F., Mazimpaka, V., Muñoz, J., Söderström, 649 

L., 2006. An annotated checklist of the mosses of Europe and Macaronesia. 650 

Journal of Bryology 28, 198–267. https://doi.org/10.1179/174328206X119998 651 

Huang, J., Xu, J., Liu, X., Liu, J., Wang, L., 2011. Spatial distribution pattern analysis 652 

of groundwater nitrate nitrogen pollution in Shandong intensive farming regions 653 

of China using neural network method. Mathematical and Computer Modelling, 654 

Mathematical and Computer Modeling in agriculture (CCTA 2010) 54, 995–655 

1004. https://doi.org/10.1016/j.mcm.2010.11.027 656 

Huebsch, M., Fenton, O., Horan, B., Hennessy, D., Richards, K.G., Jordan, P., 657 

Goldscheider, N., Butscher, C., Blum, P., 2014. Mobilisation or dilution? Nitrate 658 

response of karst springs to high rainfall events. Hydrology and Earth System 659 



Sciences 18, 4423–4435. https://doi.org/10.5194/hess-18-4423-2014 660 

Huebsch, M., Horan, B., Blum, P., Richards, K.G., Grant, J., Fenton, O., 2013. Impact 661 

of agronomic practices of an intensive dairy farm on nitrogen concentrations in a 662 

karst aquifer in Ireland. Agriculture, Ecosystems & Environment 179, 187–199. 663 

https://doi.org/10.1016/j.agee.2013.08.021 664 

Imsande, J., Touraine, B., 1994. N Demand and the Regulation of Nitrate Uptake. Plant 665 

Physiol 105, 3–7. 666 

Izquieta-Rojano, S., Elustondo, D., Ederra, A., Lasheras, E., Santamaría, C., 667 

Santamaría, J.M., 2016. Pleurochaete squarrosa (Brid.) Lindb. as an alternative 668 

moss species for biomonitoring surveys of heavy metal, nitrogen deposition and 669 

δ15N signatures in a Mediterranean area. Ecological Indicators 60, 1221–1228. 670 

https://doi.org/10.1016/j.ecolind.2015.09.023 671 

Ju, X.T., Kou, C.L., Zhang, F.S., Christie, P., 2006. Nitrogen balance and groundwater 672 

nitrate contamination: Comparison among three intensive cropping systems on 673 

the North China Plain. Environmental Pollution 143, 117–125. 674 

https://doi.org/10.1016/j.envpol.2005.11.005 675 

Kačaroğlu, F., 1999. Review of Groundwater Pollution and Protection in Karst Areas. 676 

Water, Air, & Soil Pollution 113, 337–356. 677 

https://doi.org/10.1023/A:1005014532330 678 

Khan, N.A., Ahmad, A., Nomani, A.A., Ajmal, M., 1981. Atomic absorption 679 

spectrophotometric studies of cadmium and zinc in commercial fertilisers, soils 680 

and river waters. Environmental Pollution Series B, Chemical and Physical 2, 681 

259–264. https://doi.org/10.1016/0143-148X(81)90023-9 682 

Kløve, B., Allan, A., Bertrand, G., Druzynska, E., Ertürk, A., Goldscheider, N., Henry, 683 

S., Karakaya, N., Karjalainen, T.P., Koundouri, P., Kupfersberger, H., Kvœrner, 684 

J., Lundberg, A., Muotka, T., Preda, E., Pulido-Velazquez, M., Schipper, P., 685 

2011. Groundwater dependent ecosystems. Part II. Ecosystem services and 686 

management in Europe under risk of climate change and land use intensification. 687 

Environmental Science & Policy, Adapting to Climate Change: Reducing 688 

Water-related Risks in Europe 14, 782–793. 689 

https://doi.org/10.1016/j.envsci.2011.04.005 690 

Kuglerová, L., Dynesius, M., Laudon, H., Jansson, R., 2016. Relationships Between 691 

Plant Assemblages and Water Flow Across a Boreal Forest Landscape: A 692 

Comparison of Liverworts, Mosses, and Vascular Plants. Ecosystems 19, 170–693 

184. https://doi.org/10.1007/s10021-015-9927-0 694 

L. Dennis Gignac, 2001. Bryophytes as Indicators of Climate Change on JSTOR. The 695 

Bryologist © 2001 American Bryological and Lichenological Society Vol. 104, 696 

410-420 (11 pages). 697 

Lindo, Z., Gonzalez, A., 2010. The Bryosphere: An Integral and Influential Component 698 

of the Earth’s Biosphere. Ecosystems 13, 612–627. 699 

https://doi.org/10.1007/s10021-010-9336-3 700 

Lindo, Z., Nilsson, M.-C., Gundale, M.J., 2013. Bryophyte-cyanobacteria associations 701 

as regulators of the northern latitude carbon balance in response to global 702 

change. Global Change Biology 19, 2022–2035. 703 

https://doi.org/10.1111/gcb.12175 704 

Lindo, Z., Whiteley, J.A., 2011. Old trees contribute bio-available nitrogen through 705 

canopy bryophytes. Plant Soil 342, 141–148. https://doi.org/10.1007/s11104-706 

010-0678-6 707 

Loo, M.J., Casillas, T. a. D., Diaz, L.M., 2008. TAXOMETRICS CLASSIFICATION 708 

(HIERARCHICAL AND ORDINATION) OF AQUATIC AND SEMI-709 



AQUATIC MOSSES: A PRELIMINARY MODEL TO BRYODIVERSITY 710 

MANAGEMENT. BIOTROPIA - The Southeast Asian Journal of Tropical 711 

Biology 15. https://doi.org/10.11598/btb.2008.15.2.73 712 

Merritt R., Turetsky, Michelle C., M., Teresa N. Hollingsworth, Jennifer W. Harden, 713 

2010. The role of mosses in ecosystem succession and function in Alaska’s 714 

boreal forest. Canadian Journal of Forest Research. https://doi.org/10.1139/X10-715 

072 716 

Mohamed, E., 2020. International Research in Environment, Geography and Earth 717 

Science Vol. 4-E-book. pp. 40–57. 718 

Murphy, J., Riley, J.P., 1962. A modified single solution method for the determination 719 

of phosphate in natural waters. Analytica Chimica Acta 27, 31–36. 720 

https://doi.org/10.1016/S0003-2670(00)88444-5 721 

Parzych, A., Jonczak, J., Sobisz, Z., 2018. Pellia endiviifolia (Dicks.) Dumort. 722 

Liverwort with a Potential for Water Purification. Int J Environ Res 12, 471–723 

478. https://doi.org/10.1007/s41742-018-0105-z 724 

Pearce, I.S.K., Woodin, S.J., Van Der Wal, R., 2003. Physiological and growth 725 

responses of the montane bryophyte Racomitrium lanuginosum to atmospheric 726 

nitrogen deposition. New Phytologist 160, 145–155. 727 

https://doi.org/10.1046/j.1469-8137.2003.00875.x 728 

Penuelas, J., Fernández-Martínez, M., Vallicrosa, H., Maspons, J., Zuccarini, P., 729 

Carnicer, J., Sanders, T.G.M., Krüger, I., Obersteiner, M., Janssens, I.A., Ciais, 730 

P., Sardans, J., 2020. Increasing atmospheric CO2 concentrations correlate with 731 

declining nutritional status of European forests. Commun Biol 3, 1–11. 732 

https://doi.org/10.1038/s42003-020-0839-y 733 

Pierobon, E., Castaldelli, G., Mantovani, S., Vincenzi, F., Fano, E.A., 2013. Nitrogen 734 

Removal in Vegetated and Unvegetated Drainage Ditches Impacted by Diffuse 735 

and Point Sources of Pollution. CLEAN – Soil, Air, Water 41, 24–31. 736 

https://doi.org/10.1002/clen.201100106 737 

Porada, P., Weber, B., Elbert, W., Pöschl, U., Kleidon, A., 2013. Estimating global 738 

carbon uptake by lichens and bryophytes with a process-based model. 739 

Biogeosciences 10, 6989–7033. https://doi.org/10.5194/bg-10-6989-2013 740 

Potter, J.A., Press, M.C., Callaghan, T.V., Lee, J.A., 1995. Growth responses of 741 

Polytrichum commune and Hylocomium splendens to simulated environmental 742 

change in the sub-arctic. New Phytologist 131, 533–541. 743 

https://doi.org/10.1111/j.1469-8137.1995.tb03089.x 744 

Pratas, J., Favas, P.J.C., Varun, M., D’Souza, R., Paul, M.S., 2017. Distribution of rare 745 

earth elements, thorium and uranium in streams and aquatic mosses of Central 746 

Portugal. Environ Earth Sci 76, 156. https://doi.org/10.1007/s12665-017-6459-2 747 

Puczko, K., Zieliński, P., Jusik, S., Kołakowska, A., Jekatierynczuk-Rudczyk, E., 2018. 748 

Vascular plant and bryophyte species richness in response to water quality in 749 

lowland spring niches with different anthropogenic impacts. Environ Monit 750 

Assess 190, 338. https://doi.org/10.1007/s10661-018-6703-6 751 

Pyari, G., M.Leleeka, M.Nevidita, Uniyal, P., 2010. Bryophytes: Indicators and 752 

monitoring agents of pollution.". NeBIO. Vol 1, 35–41. 753 

Riffo Donoso, V.P., 2020. Sucesión ecológica de briófitas en un gradiente de 754 

perturbación de hábitat. Universidad de Chile. 755 

Rimac, A., Alegro, A., Šegota, V., Vuković, N., Koletić, N., 2022a. Ecological 756 

Preferences and Indication Potential of Freshwater Bryophytes–Insights from 757 

Croatian Watercourses. Plants 11, 3451. https://doi.org/10.3390/plants11243451 758 

Rimac, A., Alegro, A., Šegota, V., Vuković, N., Koletić, N., 2022b. Environmental 759 



Gradients Shaping the Freshwater Bryophyte Communities of Croatia (Western 760 

Balkans). Plants 11, 1542. https://doi.org/10.3390/plants11121542 761 

Robinson, D., 2001. δ15N as an integrator of the nitrogen cycle. Trends in Ecology & 762 

Evolution 16, 153–162. https://doi.org/10.1016/S0169-5347(00)02098-X 763 

Ryömä, R., Laaka-Lindberg, S., 2005. Bryophyte recolonization on burnt soil and logs. 764 

Scandinavian Journal of Forest Research 20, 5–16. 765 

https://doi.org/10.1080/14004080510043361 766 

Sabater, F., Fernández-Martínez, M., Corbera, J., Calpe, M., Torner, G., Ciurana, O., 767 

Parera, J.M., 2015. Caracterització hidrogeoquímica de les fonts de la Serralada 768 

Litoral Central en relació a la litologia i als factors ambientals. L’Atzavara 25, 769 

93–105. 770 

Salemaa, M., Derome, J., Helmisaari, H.-S., Nieminen, T., Vanha-Majamaa, I., 2004. 771 

Element accumulation in boreal bryophytes, lichens and vascular plants exposed 772 

to heavy metal and sulfur deposition in Finland. Science of The Total 773 

Environment 324, 141–160. https://doi.org/10.1016/j.scitotenv.2003.10.025 774 

Samecka-Cymerman, A., Kolon, K., Kempers, A.J., 2002. Heavy Metals in Aquatic 775 

Bryophytes from the Ore Mountains (Germany). Ecotoxicology and 776 

Environmental Safety 52, 203–210. https://doi.org/10.1006/eesa.2002.2175 777 

Sardans, J., Peñuelas, J., 2012. The Role of Plants in the Effects of Global Change on 778 

Nutrient Availability and Stoichiometry in the Plant-Soil System. Plant 779 

Physiology 160, 1741–1761. https://doi.org/10.1104/pp.112.208785 780 

Shacklette, H.T., Erdman, J.A., 1982. Uranium in spring water and bryophytes at basin 781 

creek in central idaho. Journal of Geochemical Exploration 17, 221–236. 782 

https://doi.org/10.1016/0375-6742(82)90004-8 783 

Skaggs, R.W., Brevé, M.A., Gilliam, J.W., 1994. Hydrologic and water quality impacts 784 

of agricultural drainage∗. Critical Reviews in Environmental Science and 785 

Technology 24, 1–32. https://doi.org/10.1080/10643389409388459 786 

Smith, A.J.E., 2004. The Moss Flora of Britain and Ireland. Cambridge University 787 

Press. 788 

Solga, A., n.d. Seasonal variation in the nitrogen concentration and 15N natural 789 

abundance of a pleurocarpous moss species in dependence on nitrogen 790 

deposition dynamics. 791 

Sophocleous, M., 2002. Interactions between groundwater and surface water: the state 792 

of the science. Hydrogeology Journal 10, 52–67. https://doi.org/10.1007/s10040-793 

001-0170-8 794 

Sossey Alaoui, K., Rosillon, F., 2013. Macrophytic Distribution and Trophic State of 795 

Some Natural and Impacted Watercourses - Belgium Wallonia. International 796 

Journal of Water Sciences 2. https://doi.org/10.5772/56609 797 

Spitale, D., Mair, P., Nascimbene, J., 2020. Patterns of bryophyte life-forms are 798 

predictable across land cover types. Ecological Indicators 109, 105799. 799 

https://doi.org/10.1016/j.ecolind.2019.105799 800 

Stanković, J.D., Sabovljević, A.D., Sabovljević, M.S., 2018. Bryophytes and heavy 801 

metals: a review. Acta Botanica Croatica 77, 109–118. 802 

https://doi.org/10.2478/botcro-2018-0014 803 

Thivya, C., Chidambaram, S., Singaraja, C., Thilagavathi, R., Prasanna, M.V., 804 

Anandhan, P., Jainab, I., 2013. A study on the significance of lithology in 805 

groundwater quality of Madurai district, Tamil Nadu (India). Environ Dev 806 

Sustain 15, 1365–1387. https://doi.org/10.1007/s10668-013-9439-z 807 

Turetsky, M.R., 2003. The Role of Bryophytes in Carbon and Nitrogen Cycling. The 808 

Bryologist 106, 395–409. 809 



van der Wal, R., Pearce, I.S.K., Brooker, R.W., 2005. Mosses and the struggle for light 810 

in a nitrogen-polluted world. Oecologia 142, 159–168. 811 

https://doi.org/10.1007/s00442-004-1706-0 812 

Vanderklift, M.A., Ponsard, S., 2003. Sources of variation in consumer-diet δ15N 813 

enrichment: a meta-analysis. Oecologia 136, 169–182. 814 

https://doi.org/10.1007/s00442-003-1270-z 815 

Vanderpoorten, A., Klein, J.-P., Stieperaere, H., Trémolières, M., 2013. Variations of 816 

aquatic bryophyte assemblages in the Rhine Rift related to water quality. 1. The 817 

Alsatian Rhine floodplain. Journal of Bryology 21, 17–23. 818 

https://doi.org/10.1179/jbr.1999.21.1.17 819 

Varela, Z., Carballeira, A., Fernández, J.A., Aboal, J.R., 2013. On the Use of Epigaeic 820 

Mosses to Biomonitor Atmospheric Deposition of Nitrogen. Arch Environ 821 

Contam Toxicol 64, 562–572. https://doi.org/10.1007/s00244-012-9866-0 822 

Vieira, C., Aguiar, F.C., Portela, A.P., Monteiro, J., Raven, P.J., Holmes, N.T.H., 823 

Cambra, J., Flor-Arnau, N., Chauvin, C., Loriot, S., Feret, T., Dörflinger, G., 824 

Germ, M., Kuhar, U., Papastergiadou, E., Manolaki, P., Minciardi, M.R., 825 

Munné, A., Urbanič, G., Ferreira, M.T., 2018. Bryophyte communities of 826 

Mediterranean Europe: a first approach to model their potential distribution in 827 

highly seasonal rivers. Hydrobiologia 812, 27–43. 828 

https://doi.org/10.1007/s10750-016-2743-5 829 

Vitousek, P.M., Aber, J.D., Howarth, R.W., Likens, G.E., Matson, P.A., Schindler, 830 

D.W., Schlesinger, W.H., Tilman, D.G., 1997. Human Alteration of the Global 831 

Nitrogen Cycle: Sources and Consequences. Ecological Applications 7, 737–832 

750. https://doi.org/10.1890/1051-0761(1997)007[0737:HAOTGN]2.0.CO;2 833 

Vitousek, P.M., Hobbie, S., 2000. Heterotrophic Nitrogen Fixation in Decomposing 834 

Litter: Patterns and Regulation. Ecology 81, 2366–2376. 835 

https://doi.org/10.1890/0012-9658(2000)081[2366:HNFIDL]2.0.CO;2 836 

  837 



Figure captions 838 

Figure 1: Biplots showing the results of the PCAs performed with water chemistry 839 

from 178 spring (panels A and B), climate (panel C) and chemistry of 358 840 

bryophyte samples (panel D). Dots show PCA scores for springs in panels A, B 841 

and C (coloured by land use for A and B) and bryophyte sample scores in panel 842 

D (bottom and left axes). Arrow length and orientation from the origin indicate 843 

variable loading and direction of effect, respectively. MAP: mean annual 844 

precipitation; WA: mean annual water availability; WAS: seasonality of water 845 

availability; MAT: mean annual temperature; TS: temperature seasonality; and 846 

PS: precipitation seasonality.  847 

 848 

 849 

 850 

 851 
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Figure 2. Estimated effects of land use (A) and mean annual precipitation (B) on 853 

178 spring water nitrate concentrations. β indicates standardised parameter 854 

estimates (±SEM).  855 

 856 

  857 



Figure 3. Partial residual plots of univariate mixed model estimates of N (panel 858 

A) and δ15N (panel B) concentrations of the 358 bryophyte samples as a function 859 

of spring water nitrate concentrations. Data for N and δ15N were log and log(x+8) 860 

transformed, respectively, to avoid negative values. Marginal (nitrate effect only) 861 

and conditional (including random factors) R2 were, respectively, 0.02 and 0.60 862 

for bryophyte N concentration and 0.11 and 0.80 for δ15N. 863 

 864 

 865 

  866 



Figure 4. Partial residual plots of univariate mixed model estimates for N (panel 867 

A) and δ15N (panel B) concentrations of 38 Apopellia endiviifolia samples as a 868 

function of groundwater nitrate concentrations. Data for N and δ15N were log and 869 

log(x+5) transformed, respectively, to avoid negative values. Marginal (nitrate 870 

effect only) and conditional (including random factors) R2 were, respectively, 0.17 871 

and 0.24 for bryophyte N concentration and 0.20 and 0.20 for δ15N. 872 

 873 

 874 



Table 1: Linear model standardised coefficients of variation (±SEM) in water 875 

chemistry. Explained predictor variability (R2) is in parentheses; P-values from 876 

mean annual precipitation (MAP), lithology and land use were adjusted for 23 877 

models using the false discovery rate correction, while P-values for nitrate were 878 

adjusted for 22 models. Ranked land use differences at P < 0.05 are shown (C : 879 

crops; N: natural areas; E: extensive farming; and, U: to urbanized areas); ***P < 880 

0.001, **P < 0.01 and *P < 0.05.  881 

 MAP Nitrate Lithology Land use 

PCWQ1 -0.61 ± 0.05, (0.29)*** 0.03 ± 0.06 (0.08). (0.22) *** (0.07)  

PCWQ2 0.26 ± 0.09, (0.03)** 0.05 ± 0.09 (0.00)  (0.13)** (0.06)**, N>E 

PCWQ3 -0.0 1± 0.07, (0.06)  -0.25 ± 0.07 (0.06)** (0.3)*** (0.04)*, U>E 

NO3
- -0.35 ± 0.07 (0.12) *** - (0.15)*** (0.14)***, C>N; U>N 

Na+ -0.58 ± 0.06, (0.26)*** -0.008 ±0.06, (0.06)  (0.16)*** (0.12)***, U>N; U>E 

K+ -0.23 ± 0.07 (0.06) *** 0.12 ± 0.07 (0.08)  (0.29)*** (0.06)  

Mg2
+ -0.49 ± 0.06 (0.2)*** -0.03 ± 0.06, (0.05)  (0.26)*** (0.07)  

Ca2
+ -0.41 ± 0.07 (0.14) *** -0.06 ± 0.07, (0.04)  (0.29) *** (0.06)  

Cl- -0.58 ± 0.05 (0.29)*** 0.12 ± 0.06 (0.11)* (0.16)*** (0.09)  

SO₄²- -0.51 ± 0.06 (0.22) *** 0.09 ± 0.06  (0.09)  (0.22)*** (0.05)  

PO₄³  0.22 ± 0.09 (0.04)* 0.04 ± 0.09 (0.00)  (0.13)** (0.01)  

As 0.08 ± 0.08 (0.00)  0.16 ± 0.08, (0.02)  (0.32)*** (0.00)  

Cr 0.26 ± 0.09, 0.03** 0.30 ± 0.09 (0.03)** (0.09)** (0.00)  

Ni -0.25 ± 0.08, (0.04)** 0.11 ± 0.09. (0.03)  (0.15)*** (0.02)  

Co -0.21 ± 0.09 (0.01)* 0.02 ± 0.09 (0.00)  (0.01)  (0.13)***, E>C; E>N; E>U 

Fe -0.31 ± 0.08 (0.05)*** -0.21 ± 0.09 (0.04)* (0.16)** (0.02)  

Cu -0.12 ± 0.08, (0.01)  0.08 ± 0.08, (0.04)  (0.24)*** (0.04)  

Mn -0.24 ± 0.08, (0.02)** -0.23 ± 0.09, (0.03)* (0.12)** (0.04)*, E>N 

Al -0.39 ± 0.09, (0.07)*** -0.11 ± 0.09, (0.00)  (0.06) (0.01)  

Cd -0.04 ± 0.09, (0.00) 0.03 ± 0.10, (0.00)  (0.11)* (0.01)  

Hg -0.59 ± 0.07, (0.29)*** 0.06 ± 0.07, (0.03)  (0.09)* (0.02)  

Pb 0.01 ± 0.08, (0.00)  -0.08 ± 0.09, (0.00)  (0.18)*** (0.06)**, U>N, U>E 

Zn 0.13 ± 0.09 (0.01)  0.23 ± 0.09 (0.02)* (0.08) (0.01)  

 882 



Table 2: Standardised model coefficients (± standard error of the mean) of linear 883 

mixed models explaining the effect of nitrate on bryophyte chemistry. PCWQ1, 884 

PCWQ2, PQWQ3, PCC1, PC2 indicate values for PCA where WQ is water 885 

chemistry and C is climate. Ranked land use differences (C: crops: N: natural 886 

areas; E: extensive farming; and, U: urbanized areas) and differences between 887 

shaded (Y) and non-shaded (N) springs at P < 0.05 are shown. P-values were 888 

adjusted for 23 models using the false discovery rate correction. ***P < 0.001, 889 

**P < 0.01 and *P < 0.05.  890 

 Nitrate Land use Shade PCWQ1 PCWQ2 PCWQ3 PCC1 PCC2 

PCBC1 0.02±0.07 - - -0.06±0.10 0.18±0.06** 0.06±0.06 -0.10±0.10 -0.04±0.06 

PCBC2 -0.04±0.05 - - 0.07±0.07 -0.05±0.04 -0.10±0.05* -0.09±0.07 0.02±0.05 

δ15N 0.18 ± 0.06** ***,  

C>N, U>N, U>E 

**, N>Y 0.23 ±0.09 * 0.03± 0.05 -0.13 ± 0.06* 0.00 ± 0.09 -0.06 ± 0.06 

 δ13C  -0.08 ± 0.06 - - -0.21±0.09* -0.14±0.05* 0.06 ± 0.06 0.05 ± 0.09 -0.09 ± 0.06 

C 0.01 ± 0.06 - **, Y>N -0.04 ± 0.08 0.06 ± 0.05 -0.11 ± 0.05* -0.00±0.08 0.02 ± 0.05 

N 0.07 ± 0.06 ***, U>N - -0.13 ± 0.09 -0.08 ± 0.05 -0.08 ± 0.05 -0.10±0.09 0.12 ± 0.05* 

P 0.01 ± 0.06 - *, N>Y -0.07 ± 0.09 -0.10 ± 0.05 -0.17 ± 0.06** -0.02±0.09 0.21±40.06*** 

Na  -0.10 ± 0.05 - - 0.16 ±0.07** -0.05 ± 0.04 0.06 ± 0.05 0.00 ± 0.07 -0.08 ± 0.05 

K -0.09 ± 0.05 - - 0.06 ± 0.07 0.04 ± 0.04 -0.05 ± 0.04 -0.07±0.07 -0.03 ± 0.04 

Mg 0.05 ± 0.07 - - 0.08 ± 0.10 0.04 ± 0.06 0.00 ± 0.06 -0.04±0.10 -0.03 ± 0.06 

Ca -0.07 ± 0.08 - - 0.37 ± 0.11** 0.07 ± 0.06 -0.06 ± 0.07 -0.03±0.11 -0.04 ± 0.07 

S -0.11 ± 0.06 - - 0.30 ± .08*** 0.02 ± 0.04 -0.05±0.05 -0.10±0.08 -0.04 ± 0.05. 

As 0.04 ± 0.12 - - -0.15 ± 0.17 0.12 ± 0.10 0.00± 0.11 0.09±0.17 -0.25 ± 0.11* 

Cr -0.03 ± 0.08 - - 0.05 ± 0.12 -0.02 ± 0.07 -0.09 ± 0.08 0.07 ± 0.12 0.09 ± 0.08 

Ni -0.09 ± 0.08 *, none - 0.07 ± 0.11 -0.18 ± 0.06** -0.32 ± 0.07*** 0.03 ± 0.12 0.09 ± 0.07 

Co -0.10 ± 0.07 - - 0.02 ± 0.10 -0.33 ± 0.06*** -0.24 ± 0.06*** 0.14 ± 0.10 0.10 ± 0.06 

Fe -0.003 ± 0.08 - - 0.03 ± 0.12 -0.18 ± 0.07* 0.14 ± 0.08 0.07 ± 0.13 0.03 ± 0.08 

Cu -0.18 ± 0.08* - - 0.48 ± 0.11*** 0.01 ± 0.06 -0.07 ± 0.07 0.38 ± 0.11*** 0.09 ± 0.07 

Mn -0.01 ± 0.08 - - 0.23 ± 0.12 -0.26 ± 0.07*** 0.17 ±0.08* 0.13 ± 0.12 0.03 ± 0.07 

Al 0.02 ± 0.08 - - -0.03 ± 0.11 -0.11 ± 0.06 0.07 ± 0.07 -0.00±0.12 0.04 ± 0.07 

B -0.08 ± 0.10 - - 0.23 ± 0.15 -0.11 ± 0.09 0.08 ± 0.10 -0.14±0.16 -0.11 ± 0.10. 

Cd -0.02 ± 0.06 - - -0.23 ± 0.09** -0.17 ± 0.05*** -0.35 ± 0.05** -0.04±0.09 0.07 ± 0.05 

Hg 0.04 ± 0.07 - - 0.02 ± 0.09 -0.07 ± 0.05 0.00 ± 0.06 0.09 ± 0.09 -0.04 ± 0.06 

Pb 0.02 ± 0.07 *, U>C, U>N - 0.01 ± 0.10 -0.07 ± 0.05 -0.07 ± 0.06 0.11 ± 0.10 -0.09 ± 0.06 



Zn -0.01 ± 0.06 - - -0.10 ± 0.09 -0.12 ± 0.05* -0.17 ± 0.05** -0.02±0.09 0.08 ± 0.05 
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Table 3: Linear model standardised coefficients of variation (±SEM) in effects of 892 

host site spring water chemistry on bryophyte species chemical composition. 893 

PCBC1 and 2 are principal components the PCA of bryophyte elemental 894 

composition. P-values were adjusted for 9 models using the false discovery rate 895 

correction. ***P < 0.001, **P < 0.01, *P < 0.05.  896 

 897 

 PCBC1 PCBC2 δ15N C P N C:N N:P C:P 

Apopellia endiviifolia 0.22± 0.11  0.07 ± 0.07  0.40 ± 0.13** 0.26 ± 0.10* -0.15 ± 0.16  0.35 ± 0.15* -0.48 ± 0.14*** 0.12 ± 0.16  -0.14 ± 0.16 

Conocephalum conicum -0.04 ± 0.14 0.13 ± 0.13  0.16 ± 0.14  0.06 ± 0.16  0.09 ± 0.15  0.26 ± 0.15  -0.41 ± 0.16** -0.14 ± 0.18  -0.25 ± 0.17 

Oxyrrhynchium speciosum -0.11 ± 0.17  -0.004 ± 0.17  0.57± 0.13*** -0.23 ± 0.17 -0.04 ±0.17  -0.15 ± 0.13*** 0.03 ± 0.13*** 0.02 ± 0.18  0.06 ± 0.17  

 

Plagiomnium undulatum -0.04 ± 0.18  0.29 ± 0.17  0.24 ± 0.17   0.15 ± 0.16 0.07 ± 0.19  0.30 ± 0.15  -0.28 ± 0.16  -0.17 ± 0.19  -0.32 ± 0.19  

Didymodon tophaceus 0.22 ± 0.18 -0.13 ± 0.14  0.45 ± 0.16** -0.12 ± 0.18  -0.12 ± 0.18 0.01 ± 0.15  -0.02 ± 0.18 0.04 ± 0.19  -0.05 ± 0.18  

Cratoneuron filicinum -0.17 ± 0.24  0.18 ± 0.24  0.55 ± 0.23* 0.09 ± 0.25  0.09 ± 0.25  -0.22 ± 0.25  0.18 ± 0.26  -0.08 ± 0.26  0.04 ± 0.26  

Eucladium verticillatum 0.32 ± 0.20  0.05 ± 0.21  0.48 ±  0.19* -0.18 ± 0.21 -0.18 ± 0.21  0.25 ± 0.21  -0.13 ± 0.22  0.31 ± 0.21  0.30 ± 0.21 

Rhynchostegium riparioides 0.24 ± 0.33  -0.09 ± 0.36  0.59 ± 0.21* 0.23 ± 0.36  0.23 ± 0.36  -0.30 ± 0.36  0.17 ± 0.36  -0.69 ± 0.32* -0.59 ± 0.33 

Palustriella commutata 0.09 ± 0.31  0.56 ± 0.28  0.53  ± 0.28  0.61 ± 0.28n 0.61 ± 0.28* 0.55 ± 0.28  -0.37 ± 0.30  -0.40 ± 0.30 -0.44 ± 0.29 

Brachythecium rivulare -0.08 ± 0.32  0.03 ± 0.27  0.18 ± 0.26. -0.004 ± 0.32  0.11 ± 0.27  -0.00 ± 0.27  0.07 ± 0.28  0.03 ± 0.31 0.07 ± 0.29  

Thamnobryum alopecurum -0.38 ± 0.43  0.59 ± 0.43 -0.32 ± 0.35  0.45 ±0.41n.s 0.75 ± 0.41  0.99 ± 0.45* -0.92 ± 0.46* 0.15 ± 0.35. -0.30 ± 0.42 
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Supplementary material 899 

Figure S1: Location of the study sites in Catalonia.  900 

 901 
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Figure S2: Image of a typical study site and spring water outflow. The white line 904 

delimits the area of influence of the water, within which bryophytes were 905 

collected. 906 
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