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Abstract 

1. Crucial to our understanding of plant ecology is the consideration of the eco-

physiological responses and constraints of plant-fungal symbioses throughout the 

native distribution range of their host.  

2. We examined key eco-physiological roles of two co-occurring fungal symbionts 

[Epichloë endophytes and arbuscular mycorrhizal fungi (AMF)] in the endemic grass 

Hordeum comosum across a wide bioclimatic gradient and contrasting grazing 

severity. We sampled H. comosum plants along four humid-to-arid transects in 

Patagonia, Argentina, covering its entire distribution range and determined Epichloë 

presence, AMF root colonization, nitrogen and phosphorus concentration, intrinsic 

water use-efficiency (iWUE, the ratio of photosynthesis to stomatal conductance) and 

18
O-enrichment of cellulose in shoots.  

3. Root colonization by AMF increased with Epichloë-presence. All plants hosted 

Epichloë in the humid range of the gradient, but symbioses occurrence decreased 

towards arid sites which also displayed severe grazing symptoms at site level.  

4. Symbiosis with Epichloë correlated positively with shoot nitrogen concentration in 

the centre of the distribution range, and with shoot phosphorus concentration across 

the entire distribution range.  

5. The site-level relationship of AMF colonization with 
18

O-enrichment and iWUE 

suggested that mycorrhiza boosted stomatal conductance in humid environments but 

curbed it in arid environments.  

6. While the interpretation of interactions and potential causalities from observational 

studies should be done with caution, this study demonstrates distinct correlations 
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between plant-fungal symbiont associations and key resource parameters 

(phosphorus, nitrogen, and iWUE vs 
18

O-enrichment). Such correlations may suggest 

particular functional roles for these symbionts in the ecology of their host plant.  

Keywords 

Arid-to-humid gradients, 

Carbon and oxygen isotopic composition, 

Epichloë and arbuscular mycorrhizal fungi, 

Grazing severity,  

Intrinsic water-use-efficiency (iWUE), 

Non-pathogenic symbioses, 

Nutrient relations, 

Stomatal conductance.
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1. INTRODUCTION 

Symbiotic microorganisms are thought to assist plants to cope with biotic and abiotic 

stress factors of global change (Compant et al., 2010)⁠. However, stressful environments 

may also constrain the ability of host plants to sustain symbiotic heterotrophic 

microorganisms (Delgado-Baquerizo et al., 2018). Yet, knowledge about the symbionts’ 

relationship with the eco-physiology of the host plants throughout their distribution range is 

scarce. Natural climatic gradients in combination with biotic factors such as grazing severity, 

offer opportunities for addressing general eco-physiological questions regarding patterns of 

symbiotic interactions in plant adaptation to environmental conditions (Pellissier et al., 2013; 

Smit et al., 2009).  

Many grass species of the Pooideae subfamily establish persistent, symptomless, and 

specific symbioses with asexual fungal endophytes of the genus Epichloë (Familiy 

Clavicipitaceae; Clay & Schardl, 2002). The fungus grows inside the intercellular spaces of 

aboveground tissues and is transmitted to progeny via seed (Gundel et al., 2011). The 

incidence of Epichloë in wild grass populations increased with mean annual temperature but 

not with mean annual precipitation world-wide (Semmartin et al., 2015) and with 

evapotranspiration and water deficit at regional scales (Afkhami et al., 2014; Lewis et al., 

1997). In addition to Epichloë, most grasses are colonized by arbuscular mycorrhizal fungi 

(AMF; phylum Glomeromycota), establishing one of the most ubiquitous root symbiotic 

associations of vascular plants (Smith & Read, 2008). Generally, the abundance of AMF 

hyphae is positively associated with mean annual precipitation (Gao et al., 2016) whilst 

negatively associated with nitrogen addition (Kim et al., 2015) regardless of increase in 

temperature in steppe ecosystems. Therefore, optimal environmental conditions for symbiosis 

prevalence may differ between Epichloë and AMF plant-symbiont associations.  

Epichloë and AMF symbionts depend on plants for the supply of photo-assimilates, while 

in return hosts may obtain a suite of nutritional and/or non-nutritional benefits (Clay & 

Schardl, 2002; Delavaux et al., 2017). Epichloë endophytes increase plant resistance to 

herbivores through bioactive alkaloids such as ergots, peramine, lolines and indolediperpenes 

(Clay & Schardl, 2002; Schardl et al., 2013). The effect of different alkaloids produced by 

Epichloë have been well studied in forage grasses [e.g., tall fescue (Festuca arundinacea) 

toxicosis and ryegrass (Lolium perenne) staggers] (Schardl et al., 2013). The widespread 

occurrence of Epichloë endophytes in wild grasses suggests that alkaloids may have 

important ecological roles in defensive mutualisms (Schardl et al., 2013). However, the A
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relation between grazing severity and endophyte frequency in wild grasses has received far 

less attention (Hernández-Agramonte & Semmartin, 2016; Rudgers et al., 2016). Particularly, 

in arid environments, severe grazing decreased endophyte frequency and tiller biomass of the 

grasses that were preferred by grazers (Hordeum comosum and Poa lanuginosa) indicating 

that symbiosis frequency may depend on overall plant performance (Hernández-Agramonte 

& Semmartin, 2016). While AMF also provide their host plants with protection against 

(insect)-herbivory under certain conditions (Gehring & Whitham, 1994), severe grazing 

reduced root colonization by AMF possibly related with photo-assimilates limitation 

(Gehring & Whitham, 1994; van der Heyde et al., 2017). In arid environments, severe 

grazing decreased AMF colonization of preferred (Bromus pictus and Poa ligularis) and non-

preferred grass species (Pappostipa speciosa and Pappostipa humilis) grazed by by sheep 

(Cavagnaro et al., 2018).  

In addition to plant resistance to herbivory, Epichloë may also increase plant tolerance to 

abiotic stress factors (Clay & Schardl, 2002). Thus, increased drought tolerance in Leymus 

chinensis in symbiosis with E. bromicola was related to antioxidant compounds accumulation 

(Liu et al., 2017) and to a higher photosynthetic nitrogen use efficiency (Ren et al., 2014). 

Under severe drought, Lolium arundinaceum displayed higher water use efficiency (WUE, 

the ratio of carbon gain to water loss) when in symbiosis with E. coenophiala, an effect 

mainly attributed to higher photosynthetic rates (Swarthout et al., 2009). Conversely, E. 

festucae did not increase the drought tolerance of Festuca rubra, but enhanced plant nutrition 

(nitrogen and phosphorus), irrespective of water availability (Vázquez-de-Aldana et al., 

2013). AMF are known to improve host access to phosphorus, nitrogen and water (Augé, 

2001; Smith & Read, 2008); however, they are also implied in plant resistance to abiotic 

stress factors (Delavaux et al., 2017)⁠⁠. Similar to Epichloë, the mycorrhizal associations 

increased plant tolerance to drought by inducing several mechanisms such as improving host 

nitrogen and phosphorus nutrition, increasing water uptake, stomatal conductance and 

photosynthesis (Augé, 2001; Ruiz-Lozano et al., 2012; Wu & Xia, 2006).  

Besides the stress caused by the almost-permanent water deficit in arid and semiarid lands, 

plant species that are preferred by herbivores are particularly threatened (Golluscio et al., 

1998) ⁠. In these conditions, symbioses with both Epichloë and AMF may improve access to 

water and nutrients, and increase resistance to herbivores (e.g., Clay & Schardl, 2002; 

Delavaux et al., 2017). Field surveys and controlled-environment experiments found that root 

colonization by AMF is higher in plants with Epichloë compared to endophyte-free plants A
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(e.g., Vignale et al., 2016; Zhong et al., 2019). Nonetheless, a meta-analysis showed that 

inhibitory effects of Epichloë on root colonization by AMF are also frequent (Omacini et al., 

2012). In a greenhouse experiment, Liu et al. (2017) found that Epichloë presence had a 

stronger effect than – and even nulled – AMF inoculation effects on drought tolerance to 

Leymus chinensis plants. Additionally, the simultaneous presence of Epichloë and AMF 

boosted phosphorus uptake, and improved drought tolerance in Lolium perenne (Li et al., 

2019), indicating that the presence of both symbionts had complementary effects on host 

plant adaptation to stressful conditions.  

Effects of fungal symbionts on host adaptation capacity under stressful conditions may be 

connected with physiological adjustments of intrinsic water used efficiency (iWUE), the ratio 

of net photosynthesis and stomatal conductance to water vapor. The simultaneous 

measurement of 
13

C-discrimination (
13

C) and 
18

O-enrichment of cellulose (
18

O; details in 

Materials and Methods) in C3 plants, can shed light on the interplay of plant carbon and water 

relations in the field (Flanagan & Farquhar, 2014). While iWUE can be estimated from 
13

C 

(Farquhar & Richards, 1984; Ma et al., 2020), 
18

O has been interpreted as an indicator of 

stomatal conductance (Barbour, 2007; Moreno-Gutiérrez et al., 2012; Scheidegger et al., 

2000), particularly in comparative studies at site level (Baca Cabrera et al., 2021), and thus, 

may help separating the (growing season-integrated, assimilation-weighted) effects of both 

net photosynthesis and stomatal conductance on iWUE (Baca Cabrera et al., 2021; Barbour, 

2007; Scheidegger et al., 2000). Whether the dual association with Epichloë and AMF affects 

iWUE or 
18

Op at site-level or across natural aridity ranges of host plants has not been 

studied so far.  

Here, we used a natural gradient of aridity combined with contrasting grazing pressures to 

explore the relationship between the prevalence of Epichloë and AMF colonization, with eco-

physiological traits in a native Patagonian grass (see Figure S1 in Supporting Information). 

The species Hordeum comosum (Pooideae) is a C3 perennial grass, highly preferred by 

endemic [Guanaco (Lama guanicoe)] and domestic [sheep (Ovis aries)] large grazers. Thus, 

overgrazing can reduce its abundance in vegetation communities (Golluscio et al., 1998)⁠. 

H. comosum associates with E. tembladerae, which produces alkaloids that are usually 

considered toxic for herbivorous insects and mammals (Iannone et al., 2015; Yi et al., 2018). 

However, this effect has not been experimentally validated for the H. comosum–E. 

tembladerae association. Although it is known that H. comosum establishes symbioses with 

AMF (Casanova-Katny et al., 2011), environmental controls on mycorrhization are unknown. A
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Therefore, we asked specifically: (i) Is host plant symbiotic status with Epichloë and AMF 

related with environmental aridity or grazing severity? and (ii) What is the relationship 

between host symbiotic status and plant (eco)physiological parameters such as nitrogen and 

phosphorus concentration, iWUE, and 
18

O-enrichment of cellulose? To answer these 

questions, we collected H. comosum plants throughout the entire natural arid-to-humid 

distribution range of the species in the northwest Patagonia steppe (Argentina).  

 

2. MATERIAL AND METHODS 

2.1.  H. comosum, sites and survey area 

Individual plants of H. comosum were collected in January 2015. We selected 35 sites 

along four west-east, humid-arid transects, covering an area of ~5500 km² (41°3’ S to 44°14’ 

S and 69°38’ W to 71°33’ W). Transects were designed to cover the natural west-east gradient 

of mean annual precipitation (MAP, from ~900 to 150 mm). H. comosum was not found in 

three sites in the most humid and in two sites in the most arid extremes of the survey range 

(Figure S1).  

We recorded the geographical coordinates, elevation, and plant vegetation cover of each 

site. Geographical coordinates were used to characterize each site according to mean annual 

precipitation (MAP) and mean annual temperature (MAT) at a latitude/longitude resolution of 

30 seconds as obtained from 50-year climatic means (1950-2000) of the WorldClim database 

(Hijmans et al., 2005)⁠. Mean annual temperature (MAT) ranged between 6.3 and 9.7 °C, 

was mainly determined by site elevation and longitude, and not influenced by latitude 

(Pearson correlation = 0.64, 0.48 and -0.01, respectively). Environments inside the survey 

area were defined according to MAP (mm) as: arid (<200 mm), semi-arid (200-500 mm), dry 

subhumid (500-650 mm) and humid (>650 mm) (Method S1). Geographical coordinates were 

also used to estimate the mean oxygen isotopic composition of local meteoric waters 

(δ
18

Orain) with the ECHAM5-wiso global circulation model (Werner, 2019). Vegetation cover 

was described by total plant species (including grasses and shrubs) or bare soil cover in 

rectangular plots (50 m
2
) at each site (Winkworth et al., 1962). 

Atmospheric relative humidity (RH) was calculated as the ratio between actual vapor 

pressure (ea, kPa) and saturation vapor pressure (esat, kPa), with esat estimated by using the 

minimum and maximum annual temperatures from the WorldClim database (1950-2000) 

according to Allen et al. (1998). Actual vapor pressure was obtained from the WorldClim 

database (1970 – 2000). The Pearson correlation between MAP and RH was 0.84. Therefore, 
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RH was not included in the statistical models (RH= 50.13 + 0.017 MAP; R
2
=0.7; p < 0.0001; 

Figure S2A). We considered additional environmental variables (i.e., minimum, and 

maximum annual temperature, potential evapotranspiration, aridity index, soil pH, nitrogen 

concentration in the rhizosphere; described in Methods S1) which, however, were also 

excluded from the analyses because of strong collinearity with parameters retained in the 

model. 

Grazing severity was classified at site-level as either severely or mildly grazed vegetation, 

independently of grazing symptoms (yes or no) on the local H. comosum population. The two 

categories were discerned based on regional guidelines that assess the natural vegetation 

status as affected by grazing and with assistance of two regional experienced rangeland 

specialists (GGM and PhD Nicolas Nagahama). Grazing severity assessment considered 

ground cover and floristic composition of vegetation (total cover of valuable forage species, 

as indicators of grazing severity; Table S1), and vigor of forage species (symptoms of 

herbivory, height and anchoring of plants to the soil) (e.g. Siffredi et al., 2011)⁠.  

2.2.  Material collection 

At each site, we collected eight H. comosum plants at haphazard locations, but with at 

least 10 m spacing among each other. All sites were sampled within 12 days, ensuring that 

differences in plant species phenology did not bias the analysis. Sites were not located in 

protected areas and a corresponding agreement for material transfer was celebrated between 

the Faculty of Agronomy of the University of Buenos Aires (Argentina) and the Technical 

University of Munich (Germany). The transferred material was only used for analysis 

purpose which implies the destruction during the process. Rhizosphere soil was collected by 

shaking generously the roots of each plant, dried and conserved for further analyses (Methods 

S1). Root samples were washed with tap water to remove adhering soil, then roots were 

conserved in FAA solution (10% formalin, 5% acetic acid, 50% ethanol, 35% distilled water, 

v/v) until AMF colonization assessment at individual plant level. All measurements were 

performed at plant level for each plant.  

2.3.  Plant traits measurements 

Shoot biomass produced during the sampling-year growing season (including leaves, 

stems, and inflorescences) was identified based on greenness or the presence of spikes and 

weighed after drying. This material was used for elemental analyses of nitrogen and 

phosphorus and isotopic analyses of carbon and oxygen in α-cellulose (δ
13

Cp and, δ
18

Op, A
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respectively). The concentration of nitrogen in the shoot and in rhizosphere soil of each plant 

was determined with an elemental analyzer (NA 1110; Carlo Erba Instruments). Shoot 

phosphorus was quantified by phosphovanado-molybdate colorimetry (Hanson, 1950). 

Nitrogen and phosphorus were expressed as dry wt fractions (w/w). 

2.4.  Carbon and oxygen isotopic composition of cellulose 

α-cellulose was extracted from 50 mg of dry shoot material according to the protocol of 

Brendel et al. (2000) as modified by Gaudinski et al. (2005). δ
13

Cp and δ
18

Op of α-cellulose 

were determined by isotope ratio mass spectrometry using established protocols and 

instrumentation as detailed by Köhler et al. (2012) for δ
13

Cp and Hirl et al. (2021) for δ
18

Op. 

δ
13

Cp was used to calculate Δ
13

C from which iWUE was estimated according to Ma et al. 

(2020) as detailed in Methods S1. 
18

O-enrichment of cellulose above source water, taken as 

rain water (δ
18

Orain), was calculated as Δ
18

OP = (δ
18

OP – δ
18

Orain)/(1+ δ
18

Orain), with δ
18

Orain 

estimated with the ECHAM5 global circulation model (Methods S1) (Werner, 2019). δ
18

Orain 

was estimated as the average of June-December (growing season) from 1958 to 2013, as no 

seasonal precipitation pattern was evident.  

2.5.  Symbiotic microorganisms 

Epichloë sp. presence was determined in stem tissues and seeds (10 to 15) of each plant by 

staining and microscopic observation (Clark et al., 1983)⁠. Epichloë presence was recorded 

as a logical value (positive or negative) for each plant. Epichloë identification was not 

possible in 17 out of 238 plants because there were not filled seeds or the aerial tissues were 

not well preserved enough to enable a reliable diagnosis. Epichloë was isolated on potato 

dextrose agar (PDA in darkness at 24°C) from superficially sterilized stem tissues and seeds. 

One isolate from one plant chosen at random from each site was morphologically and 

genetically characterized as described in Iannone et al. (2009) and phylogenetically 

characterized following the methodology in Mc Cargo et al. (2014)⁠. This identified E. 

tembladerae as the endophyte species colonizing H. comosun plants, in agreement with 

previous studies  (Iannone et al., 2015; Yi et al., 2018).  

Root samples were stained with Trypan Blue (Phillips & Hayman, 1970) for AMF 

colonization analyses at individual plant level. The percentage of AMF colonization was 

determined according to McGonigle et al. (1990)⁠ and adjusted for observer bias prior to 

statistical analyses (Methods S1). Briefly, whole roots fixed in FAA were heated at 90°C for 

about 1 h in 10% KOH (w/v), rinsed in water acidified with dilute HCl, stained by simmering A
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for 5 min in 0.05% (w/v) trypan blue in lactophenol, and the excess stain removed with clear 

lactophenol. For each plant, thirty 1 cm-long segments were randomly selected from each 

sample, mounted on slides in lactophenol and observed at a magnification of 40 (Phillips & 

Hayman, 1970)⁠.  

2.6.  Statistical analysis 

We first modelled site-level traits to describe the influence of environmental variables (i.e., 

MAP and MAT) or grazing severity on vegetation cover and Hordeum comosum cover. The 

vegetation cover model was a normal error distribution generalized least squared model and 

included MAP, MAT, grazing severity and the interaction between MAP and grazing severity 

as predictors. The H. comosum cover model was a generalized linear model with beta error 

distribution and included MAP, MAT, grazing severity, vegetation cover and the interaction 

between MAP and grazing severity as predictors. In both models including transects as 

random effect or not gave a very similar likelihood (LRT: 2.4e-08; p-value = 0.99 and X
2
 = 

4e-04; p-value = 0.98, respectively). 

Then, we modelled plant-level traits to study the influence of environmental variables or 

grazing severity on Epichloë presence, AMF colonization, nitrogen and phosphorus 

concentration in shoot biomass, Δ
18

OP and iWUE. Epichloë presence was analyzed with a 

generalized linear mixed model which accounted for individual plants nested in sites and sites 

nested in transects (Pinheiro & Bates, 2000)⁠ with binomial error distribution (Bates et al., 

2015). This model also included MAP, MAT, grazing severity and the interaction between 

MAP and grazing severity as fixed effects.  

The other models at plant-level were analyzed by using linear mixed-effects models with 

the same nesting hierarchies but with normal distribution of errors. Specifically, all models 

(AMF colonization, shoot nitrogen and phosphorus, Δ18Op and iWUE) included MAT, MAP, 

grazing severity, Epichloë presence and the double interaction between the last three factor as 

fixed effects. Then, shoot nitrogen and phosphorus concentration, Δ18Op and iWUE models 

also included AMF colonization and its double interactions with MAP, grazing severity and 

Epichloë presence. Δ18Op and iWUE models included shoot nitrogen concentration and its 

double interactions with MAP, grazing severity and Epichloë presence. And iWUE models 

included Δ18Op and its double interactions with MAP, grazing severity and Epichloë presence 

as fixed effects (Table 1). 

Before defining the initial model, we analyzed collinearity between given climatic and 

environmental variables with a Pearson correlation of 0.7 as threshold (Dormann et al., 2013) 
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(Methods S1). Main predictors were centered by subtracting the mean (Schielzeth, 2010). We 

selected the most parsimonious random intercepts structure (transect/site or site) by 

comparing the Akaike information criterion of the complete models estimated by REML 

(Zuur et al., 2009)⁠. We evaluated multicollinearity on the initial and final models by means 

of the variance inflation factor (VIF; Table S2) (Dormann et al., 2013). We performed a 

graphical inspection of the models with normal error distribution to evaluate their adequacy 

(Pinheiro & Bates, 2000; Zuur et al., 2009). When necessary, the variances were modelled by 

using specific variance functions (Table S3). We did not find spatial correlation among 

residuals. In the case of the Epichloë presence model the dispersion parameter indicated no 

overdispersion (phi= 0.37). The initial models estimated by ML were reduced by removing 

non-significant terms in a stepwise fashion (Likelihood ratio tests; Table 1 and Table S4-S5) 

(Zuur et al., 2009). When Epichloë, grazing severity or an interaction involving them were 

significant, least squares means adjusted by “sidak” and p-value <0.05 were used to compare 

means between levels of factors or slopes (emmeans and emtrends functions, respectively 

with emmeans package; Lenth, 2017) (Table S6). To validate the strength of fixed effects, we 

calculated the difference between the AIC of the null (i.e., minimum model excluding all 

fixed effects) and the minimum model (ΔAIC). The conditional and marginal coefficients of 

determination (R
2
c and R

2
m, respectively from r.squaredGLMM function in MuMIn pakage; 

Barton, 2016) were also calculated. See Table S3 for traits of the models.  

Being aware of the effects of atmospheric humidity (RH) and temperature on Δ
18

OP (e.g., 

Hirl et al., 2021), we graphically evaluated the relationship between Δ
18

OP and MAP for both 

iso-RH and isothermal gradients. The iso-RH transect was defined as the range of Δ
18

OP and 

MAP within an RH of 58.6 ±2%. This included 12 sites situated between ~300 and 700 mm 

MAP (Figure S2). The isothermal transect was defined as 8.4 0.25°C and included 10 sites 

distributed along the entire MAP gradient (Figure S3). A detailed description of data 

processing and statistical analyses are given in Methods S1. All analyses and figures were 

made in the R-cran environment; version 3.6.1 (R Development Core Team, 2019)⁠ and with 

RStudio; version 1.2.1335 (RStudio, 2019). Data available from: 

https://doi.org/10.5061/dryad.c59zw3r8k (Casas et al., 2021). R codes are available from the 

authors upon request. 
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3. RESULTS 

3.1.  Distribution and abundance of Hordeum comosum and its symbionts  

Total vegetation cover increased at a rate of 5% for every 100 mm increase in MAP 

(Figure 1A; Table 1). The cover of H. comosum was related to MAP, with a maximum (≈4%) 

near the center of the gradient (~490 mm; Figure 1A; Table 1). From that point, H. comosum 

cover decreased towards sites with greater and lesser MAP. H. comosum was not found 

beyond 950 mm and below 150 mm of MAP. Severely and mildly grazed sites were found 

over a wide MAP range, but the most humid sites were mildly grazed, while the most arid 

sites were classified as severely grazed.   

The symbiotic status of H. comosum with Epichloë was related with environmental aridity, 

although there was some overlap in the MAP-range among sites with either all, none or some 

(mixed) of the H. comosum plants being symbiotic with Epichloë. However, grazing severity 

had no significant effect on the probability of H. comosum hosting Epichloë. The probability 

of finding a H. comosum plant hosting Epichloë was half at a MAP of ~300 mm, increased 

toward more humid and decreased toward more arid sites (Figure 1B). Although, sites with a 

population incidence (i.e., proportion of plants with Epichloë, Figure S4) of 100% were 

found over a MAP-range of 330 to 860 mm (57% of all sites), mixed sites with Epichloë-

symbiotic and -non-symbiotic plants over a range of 150 to 730 mm (33%), and populations 

with all H. comosum individuals free of Epichloë only in sites with <370 mm MAP (10%).  

Except for three out of a total of 220 individuals, all the H. comosum plants presented 

roots colonized by AMF. Root colonization by AMF was highly variable (0-100%), but on 

average, it increased by 6% for every 100 mm increase of MAP (Figure 1C; Table 1) and was 

8% higher in Epichloë-symbiotic than in Epichloë -free plants (Figure 1D), independently of 

site aridity. 

3.2.  Plant nitrogen and phosphorus concentration  

Nitrogen concentration in shoots varied along the MAP gradient and depended on the 

Epichloë-symbiotic status of the plants (Table 1). In Epichloë-free plants, shoot nitrogen 

concentration presented a quadratic relationship with MAP, reaching a minimum at 400 mm, 

whereas in Epichloë-symbiotic plants, nitrogen concentration in shoots increased by 0.05% 

with each 100 mm increase in MAP (Figure 2A; Table S6).  

Phosphorous concentration in shoots was, on average, 0.03% higher in Epichloë-symbiotic 

plants than in endophyte-free plants (i.e., 0.19% and 0.16%, respectively; Table 1; Table S6) 
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and also varied with MAP depending on grazing severity (Figure 2B). It increased by 0.01% 

and decreased by 0.02% with every 100 mm increase in MAP in sites with severe and mild 

grazing, respectively.  

3.3.  18
O-enrichment of cellulose and intrinsic WUE  

Δ
18

OP showed a hyperbolically decreasing relationship with MAP under severe grazing 

(Figure 3A; Table 1), with Δ
18

OP increasing on average by 8.5‰ between the subhumid 

(35.8‰ at 550 mm) and arid limit (44.3‰ at 150 mm) of the MAP range. However, we 

observed no relation between Δ
18

OP and MAP in mildly grazed sites which did not extend 

into the arid (the confidence intervals for the linear and quadratic terms included zero; Table 

S6). These relationships between Δ
18

OP and MAP under different grazing severities were not 

influenced by temperature or RH effects on Δ
18

OP (Figure S2-3).  

The variation of Δ
18

OP along the MAP gradient also depended on the level of AMF 

colonization of plants (Table 1). In particular, the hyperbolic relationship between Δ
18

OP and 

MAP was steeper for highly AMF colonized plants in comparison to plants with low levels of 

AMF colonization under severe grazing (Figure 3A). Thus, under severe grazing, Δ
18

OP of 

highly AMF colonized plants was greater than that of plants with low AMF colonization in 

the arid environments, while the opposite was the case in the semiarid to humid 

environments. In a similar way, in mildly grazed sites the highly AMF colonized plants had 

generally lower values of Δ
18

OP in comparison to plants with low AMF colonization in 

semiarid to humid environments (Figure 3A). There were no mildly grazed sites in arid 

environments. 

iWUE did not vary significantly with MAP under severe grazing but, remarkably, 

increased with MAP under mild grazing (Figure 3B; Table 1; Table S6). Again, changes of 

iWUE with MAP depended on the level of AMF colonization of plants. Thus, in the arid 

environments, iWUE of highly AMF colonized plants was greater than that of plants with low 

AMF colonization under severe grazing. Meanwhile, in the semiarid to humid environments 

iWUE was similar for plants with high and low AMF colonization under severe grazing. In a 

similar way, in mildly grazed sites highly AMF colonized plants had generally lower values 

of iWUE in comparison to plants with low AMF colonization in humid environments while 

they presented similar iWUE values in semiarid environments (Figure 3B). Accordingly, the 

interaction between MAP and AMF colonization for both, Δ
18

Op and iWUE determined that 

at site level, the relationships of AMF root colonization with Δ
18

Op and iWUE were negative 

(or neutral) in subhumid and humid environments, neutral in the semiarid environment, and 
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tended to positive in the arid environment (Figure S5-S6). Overall, variation in iWUE tended 

to be positively associated with Δ
18

OP (Table 1). 

 

4. DISCUSSION 

4.1.  The interaction of H. comosum plants with Epichloë and mycorrhizal 

fungi changed along the aridity gradient  

The H. comosum symbiotic status with Epichloë and AMF was favored toward humid sites 

and also coincided with mildly grazed sites in the most humid extreme of our transects. That 

pattern agrees with previous regional observations that studied the symbionts separately [i.e., 

Epichloë sp. (Afkhami et al., 2014; Lewis et al., 1997) and AMF (Gao et al., 2016)]. Along 

the same line, the abundance of AMF spores in the soil decreased with grazing severity in 

arid sites in Patagonia (Dudinszky et al., 2019). Beyond the regional pattern, the positive 

association between Epichloë and AMF colonization was also evident in Bromus setifolius – 

another perennial grass endemic to Patagonia (Novas et al., 2005) –  although the relation 

between these symbioses and eco-physiological parameters of the host has not been explored 

in that study.  

The symbiotic pattern that we observed in H. comosum, integrated with plant nutritional 

and eco-physiological characteristics (i.e., Δ
18

OP and iWUE), suggests that symbioses were 

associated with improved fitness of the host particularly in productive and mildly grazed 

sites. We assume that H. comosum plants would face more intense inter-specific competition 

in productive vegetation communities in the humid environment of our transects. As has been 

shown in other species (Zhou et al., 2018), it is very feasible that the co-symbiosis with 

Epichloë endophytes and AMF increases the competitive performance of H. comosum plants. 

Additionally, Epichloë in H. comosum plants could confer resistance to herbivores by 

production of N-rich alkaloids (e.g., peramine and terpenoles; Yi et al., 2018). This could be 

particularly vital in semiarid to humid sites, where the Epichloë-AMF consortium was 

associated with an improved nutritional quality of H. comosum ⁠. However, the role of 

herbivores in determining differential fitness of Epichloë-symbiotic and Epichloë-free H. 

comosum plants along the entire arid-humid gradient remains to be verified experimentally. 

Conversely, the two symbioses were much more limited in less productive, permanently 

stressful arid and severely grazed sites.   

Interestingly, the maximum H. comosum cover occurred in the center of the MAP range A
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(~500 mm) along with maximum symbiotic status variability. At this point of the gradient, (i) 

H. comosum populations were either entirely symbiotic with Epichloë or presented a mixture 

of symbiotic and non-symbiotic plants, (ii) Epichloë-symbiotic plants showed higher nitrogen 

and phosphorus concentrations than Epichloë-free plants and (iii) plants with greater AMF 

colonization associated with decreased Δ
18

Op, which is indicative of enhanced stomatal 

conductance for comparisons at site level (e.g., Baca Cabrera et al., 2021). Understanding to 

what extent these eco-physiological characteristics among H. comosum plants are driven by 

the symbiotic associations and how they may contribute to niche differentiation (Valladares et 

al., 2015) could unveil the symbioses-driven mechanisms explaining the host species 

abundance (either high or low) along the natural distribution range. The alignment of the 

response variables at plant and site level in this field study, certainly provides directions for 

manipulative experiments that are required to explore these mechanisms.  

4.2.  AMF-colonization enhanced the aridity-response of cellulose-
18

O-

enrichment  

This work detected strong variation of Δ
18

OP with MAP that was indicative of 

ecohydrological effects related to variation of stomatal conductance (Barbour, 2007; Hirl et 

al., 2019; Ramírez et al., 2009) or effects of soil water dynamics (Hirl et al., 2019) and 

symbionts on the 
18

O of (source) water taken up by the root system. The exact identity of the 

physiological mechanism underlying these patterns remains to be ascertained, particularly at 

the between-site or MAP gradient level. Consistent with empirical evidence, Δ
18

OP increased 

strongly with decreasing MAP (positively correlated with RH) (e.g. Barbour, 2007; Hirl et 

al., 2021). Interestingly, however, Δ
18

OP also increased towards low MAP along isothermal 

and iso-RH gradients (Figure S2-3), demonstrating that changes of Δ
18

OP with MAP were not 

driven by RH or temperature alone (Hirl et al., 2021). Variation of stomatal conductance, 

independent of RH and temperature, is a likely explanatory factor (Baca Cabrera et al., 2021). 

In addition, absence of significant variation in iWUE towards arid and severely grazed sites 

would indicate that eventual variations of stomatal conductance were matched by 

proportional variations in photosynthesis (Scheidegger et al., 2000) in that range. Meanwhile, 

increasing iWUE towards more humid and mildly grazed environments was likely due to an 

enhancement of photosynthetic capacity relative to stomatal conductance (Scheidegger et al., 

2000), possibly linked to greater phosphorus and nitrogen concentration in Epichloë-

symbiotic plants with greater AMF colonization in humid sites. 

In particular, the relation of 
18

O-enrichment and iWUE with the degree of AMF 
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colonization at within-site level may be taken to suggests an effect of the degree of AMF 

colonization on stomatal conductance. Although an enhancement of stomatal conductance by 

AMF has been reported previously (Augé, 2001; Querejeta et al., 2006; Ruiz-Lozano et al., 

2012), the site-level AMF colonization vs Δ
18

OP (and iWUE) relationships is consistent with 

the idea that increasing AMF colonization may boost host plant stomatal conductance in the 

(semi)humid range, but curb it in the arid range. While such an interpretation aligns with 

findings in woody species in semiarid environments (Querejeta et al., 2003, 2006), further 

research is needed to elucidate the differential effects of Epichloë and AMF colonization on 

host nutritional and physiological status under stress conditions as given by either drought or 

severe grazing.  

 

5. CONCLUSION 

This field study demonstrated that Epichloë and AMF prevail especially under 

(semi)humid and mildly grazed conditions within the distribution range of their host H. 

comosum. Also, AMF colonization appeared to be related with greater stomatal sensitivity 

towards aridity. Importantly, our findings support the idea that both symbionts do indeed 

affect host fitness through resource-economic variables such as nutrients, water and carbon. 

The alignment of the response variables at plant and site level opens interesting questions to 

be studied in future experimental approaches: i) what are the physiological mechanisms 

underlying the interaction between AMF and associated Epichloë and the components of 

iWUE in the different locations in the MAP range of H. comosum?; ii) what are the 

ecological mechanisms explaining the loss of the symbionts (i.e., Epichloë absence and lower 

levels of AMF colonization) under arid conditions?; iii) Is it possible to determine a 

cost:benefit threshold which ultimately explains the range of conditions for a mutualistic 

relation? Such knowledge would be key to achieve a real understanding of the functional 

roles of fungal symbionts in the ecology of host plants. 
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SUPPORTING INFORMATION 

Additional supporting information may be found in the online version of this article. 

Appendix S1. Supporting methods include detailed description of (1) climate, (2) soil and, 

(3) rhizosphere data collection as well as (4) water use efficiency calculus, (5) considerations 

about oxygen isotope composition and stomatal conductance; (6) data processing and (7) 

statistical analyses.  

Appendix S2. Supporting tables, includes:  

Table S1. Criteria for the classification of sites in terms of the grazing conditions (mild 

and severe) according to vegetation cover and floristic composition. 

Table S2. VIF values of the initial and final regression models for Hordeum comosum 

analyses. 

Table S3. Best-fitting regression models for Hordeum comosum analyses. 

Table S4. Likelihood ratio test of regression models for Hordeum comosum analyses. 

Table S5. Likelihood ratio test of regression models for shoot nitrogen and phosphorus 

concentration in Hordeum comosum. 

Table S6. Post-hoc comparisons of regression models for Hordeum comosum analyses. 

Appendix S3. Supporting figures, includes:  

Figure S1. Conceptual analytical framework of the study.  

Figure S2. Relations between mean annual precipitation, relative humidity, and 
18

O-

enrichment of cellulose in shoot biomass of H. comosum plants (Δ
18

OP). 

Figure S3. Relations between oxygen isotope composition of meteoric waters (δ
18

Orain), 

oxygen isotope composition of H. comosum shoot cellulose (δ
18

OP), 
18

O-enrichment of 

cellulose (Δ
18

OP) and mean annual precipitation.  

Figure S4. Proportion of Epichloë symbiotic plants per site in relation to mean annual 

precipitation (MAP, mm) 

Figure S5. 
18

O-enrichment of cellulose (Δ
18

OP) in shoot biomass of H. comosum plants in 

relation with the degree of arbuscular mycorrhizal colonization (AMF, %). 

Figure S6. iWUE of cellulose in shoot biomass of H. comosum plants in relation with the 

degree of arbuscular mycorrhizal colonization (AMF, %). 
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TABLES 

TABLE 1 Parameter estimates of minimum models. Columns show the models for: H. comosum cover, vegetation cover, Epichloë presence and 

AMF colonization, nitrogen (N) and phosphorus (P) concentration, Δ
18

OP and iWUE. Rows show the fixed factors, the ΔAIC (AIC null - 

minimum model), the marginal and conditional coefficient of determination (R
2
m and R

2
c, respectively). The intercept shows the value for 

Epichloë-free plants under severe grazing when all the other predictors are averaged (centered). Cells show the estimated parameter for 

significant predictors, predictor evaluated but non-significant (n.s.) and non-included in the model (shadow). See p-values in Table S4. 

 

H. comocum 

cover (%)
†
 

Vegetation 

cover (%) 

Epichloë 

presence
†
 

AMF colo-

nization 

(%) 

Shoot N 

(%) 
Shoot P (%) Δ18Op (‰) iWUE 

Intercept -29.04 50.23 2.1  39.18 0.83 0.15 38.078 50.92 

Vegetation cover (%) n.s 
  

     

MAP* (mm) 
Lin. -11.9 

Quad. -122.45 
0.05 0.01 0.06 

Lin. 2.52 

Quad. 3.55 

0.0001 Lin. -20.2 

Quad. 31.4 

0.0005 

MAT (°C) n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. 

Grazing (Mild) n.s. n.s. n.s. n.s. n.s. 0.017 -1.45 -2.52 

Grazing x MAP 
n.s. n.s. n.s. n.s. n.s. 

-0.0003 
Lin. 46.7 

Quad. -55.5 
0.02 

Epichloë (present)  
  

8.1 0.04 0.036 n.s. n.s. 

Epichloë x Grazing  
  

n.s. n.s. n.s. n.s. n.s. 

Epichloë x MAP    
n.s. Lin. -2.01 

Quad. -2.92 

n.s. n.s. n.s. 

AMF (%)     n.s. n.s. -0.009 0.01 

Epichloë x AMF     n.s. n.s. n.s. n.s. A
cc

ep
te

d 
A

rt
ic

le



 

This article is protected by copyright. All rights reserved 

 

H. comocum 

cover (%)
†
 

Vegetation 

cover (%) 

Epichloë 

presence
†
 

AMF colo-

nization 

(%) 

Shoot N 

(%) 
Shoot P (%) Δ18Op (‰) iWUE 

Grazing x AMF     n.s. n.s. n.s. n.s. 

MAP x AMF     
n.s. n.s. Lin. -0.26 

Quad. 0.21 
-0.0002 

 

 

TABLE 1: Cont.  

 
H. comocum cover 

(%) 

Vegetation 

cover (%) 

Epichloë 

presence 

AMF colo-

nization 

(%) 

Shoot N 

(%) 

Shoot P 

(%) 
Δ18Op (‰) iWUE 

Shoot N (%)       n.s. 2.63 

Shoot N x Epichloë        n.s. n.s. 

Shoot N x Grazing       n.s. -9.23 

Shoot N x MAP       n.s. n.s. 

Δ18
Op (‰)        0.60 

Δ18Op x Epichloë        n.s. 

Δ18Op x Grazing        n.s. 

Δ18Op x MAP        n.s. 

ΔAIC 23.7 11.8 12.35 27.66 15.48 21.42 21.11 19.8 

R2m 0.32 0.31 0.28 0.32 0.25 0.28 0.50 0.46 

R2c - - 0.81 0.57 0.53 0.64 0.82 0.798 A
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*poly(MAP, 2) in H. comosum cover, shoot nitrogen concentration and Δ18Op model. 
†
Link functions are cauchit and logit in the case of H. 

comosum cover and Epichloë presence models, respectively; and identity in the other models. As AMF contains NAs, when AMF was not a 

significant predictor (shoot nitrogen and phosphorus concentration), we present models considering the whole dataset (see Table S5 for p-

values).  
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FIGURE LEGENDS 

FIGURE 1 (A) Cover of Hordeum comosum (left axis; black symbols) and total vegetation 

cover (right axis; open dots) per site; (B) Epichloë presence (1; E+) or absence (0; E-) for 

each plant; (C) root AMF colonization (%) in relation to mean annual precipitation (MAP, 

mm) and (D) root AMF colonization (%) of Epichloë-symbiotic (E+) and non-symbiotic (E-) 

H. comosum plants. (A - C) show H. comosum plants from sites with severe (squares) and 

mild (triangles) level of grazing; black and grey colors indicate Epichloë-symbiotic (E+) and 

non-symbiotic (E-) H. comosum plants, respectively. (A - C) lines and shadows show model 

fit and 95% prediction interval, respectively. In (C), black and grey lines show model fit for 

E+ and E-plants, respectively. In (B), symbols were jittered to avoid overlapping, the 

proportion of Epichloë symbiotic plants per site is presented in Fig. S4. Vertical doted lines in 

(A-C) delimit the environments determined by MAP range: humid (>650 mm), dry subhumid 

(650 to 500 mm), semiarid (500 to 200 mm), and arid (<200 mm). In (D) the bars show the 

mean ± standard error and grey points show raw data. Different letters show significant 

differences with p-value < 0.05. 

 

FIGURE 2 Relationship between nitrogen (A) and phosphorus (B) concentration (both in %) 

in shoots of Hordeum comosum plants with mean annual precipitation (mm). Symbols show 

Epichloë-symbiotic (E+; black symbols) and non-symbiotic (E-; grey symbols) H. comosum 

plants from sites with severe (squares) and mild (triangles) level of grazing. In (A) and (B) 

black and gray lines show model fit for E+ and E-, respectively. In (B) full and dashed lines 

show model fits for severe and mild grazing, respectively. In all cases, shadows show 95% 

prediction intervals. Vertical doted lines delimit the environments determined by MAP as in 

Figure 1.  

 

FIGURE 3 (A) 
18

O-enrichment of cellulose (Δ
18

OP; ‰) and (B) iWUE in shoot biomass of 

H. comosum plants in relation to mean annual precipitation (mm). Symbols indicate H. 

comosum plants from sites with severe (squares) and mild (triangles) level of grazing with 

less than 40% (grey) or more than 60% (black) AMF colonization. Full and dashed lines 

show model fit for mild and severe grazing, respectively while, grey and black lines indicate 

model fit for 20 and 80% AMF colonization, respectively; shadows show 95% prediction 

intervals. Vertical doted lines delimit the environments determined by the MAP as in Figure 

1.  
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