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Pigment Ratios of the Mediterranean Bryophyte 
Pleurochaete squarrosa Respond to Simulated 
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Abstract Nitrogen (N) deposition alters ecosystem structure and functioning. To 
study potential impacts on Mediterranean ecosystems, we designed a field fertiliza-
tion experiment where NH4NO3 was added at four rates (0, 10, 20 and 50 kg N ha−1 
year−1). The terricolous moss Pleurochaete squarrosa was sampled and pigments 
extracted in spring-autumn 2008 and spring 2009. Simulated N deposition increased 
lutein and VAZ pigments to chlorophyll ratios in autumn 2008; β-carotene to chloro-
phyll ratio was reduced in spring 2009; (neoxantin + lutein) to β-carotene increased 
with N supply and this was explained as higher investment in light-harvesting com-
plexes than in reaction centres. Response of carotene to chlorophylls and of (neo-
xantin + lutein)/β-carotene to N enrichment were only evident when soil NH4 and 
Mn, respectively, were used as covariates. Thus, covariance analyses are highly rec-
ommended to detect N fertilization effects on terricolous species when field experi-
ments are set up in highly heterogeneous environments.
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23.1  Introduction

The extent to which nitrogen (N) deposition has already affected European Med-
iterranean ecosystems and the level of impact are un-certainties that need to be 
urgently addressed (Bobbink et al. 2010). Vourlitis et al. (2009) proposed using 
experimental evidence from Californian Mediterranean-type ecosystems to predict 
potential N impacts. However, the environmental problems and hysteresis of both 
areas are not the same. In addition, their soil fertility, which could determine poten-
tial responses to N addition, is usually different; e.g. Californian soils are richer in 
phosphorus (P) (Hobbs and Richardson 1995). Mediterranean mosses from herbaria 
collections, particularly the drought-tolerant and relatively abundant species Pleu-
rochaete squarrosa (Brid.) Lind., have been shown to accumulate deposited N in 
tissues, which makes it a good potential bio-indicator (Peñuelas and Filella 2001). 
However, studies using mosses as indicators of N pollution are only common in 
temperate and boreal areas. In these areas, mosses affected by elevated N deposition 
have declined and shown altered pigment composition and ratios (Arróniz-Crespo 
et al. 2008). This decline is assumed to operate via N to P imbalance or because of 
direct N toxicity (Arróniz-Crespo et al. 2008), yet the importance of other nutrients, 
including micro-nutrients, has not been evaluated.

The first goal of this study was to determine the effects of simulated N deposition 
on pigment ratios (chlorophyll a/b, carotenoids to chlorophylls, and (neoxantin + 
lutein) to β-carotene) of the Mediterranean moss P. squarrosa. If proved to be sensi-
tive enough, these ratios could be used to predict N deposition loads at national and 
international scales, given the wide distribution within the Mediterranean Basin of 
this moss species. A second goal was to identify which soil variables best explain 
pigment ratios and if they condition responses to N fertilization through N deposi-
tion. We hypothesized that, being a terricolous species in tight contact with soil 
surface, responses of pigment ratios will be related not only to N enrichment but 
also to the heterogeneous spatial and temporal distribution of certain soil nutrients. 
Based on previous work, we also hypothesized an increase of pigments forming 
part of light-harvesting complexes (involved in photo-protection mechanisms) in 
relation to those of reaction centres (Arróniz-Crespo et al. 2008).

23.2  Methods

23.2.1  Study Area

This study was conducted in a semi-arid Mediterranean thicket located within the 
Nature Reserve El Regajal-Mar de Ontígola (Central Spain, 40° 00′ N, 3° 36′ W; 
mean altitude ~ 500–600 m asl). Annual rainfall is ~ 425 mm, confined to the period 
between October and May (mainly in winter months). Annual plants are absent 
most of the year and a diverse and well-developed late-successional biological soil 
crust composed by terricolous lichens and mosses (predominantly P. squarrosa) is 
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characteristic of the interspaces between shrubs. The relief is hilly and the thicket is 
located at the high and middle parts of the hills. Soils are rich in calcium carbonate 
and with a slightly basic pH (8.01 in spring 2009); nitrate is the dominant inorganic 
N form in soils (~ 2-fold greater than ammonium in spring 2009) (Ochoa-Hueso 
and Manrique, unpublished data); phosphate in soils is usually below 1 mg kg−1 and 
higher values are related to animal activity, mainly rabbits and partridges. Temporal 
variation (seasonality) of nutrients in soil is high, independent of simulated N depo-
sition treatments, corresponding to this type of seasonal ecosystems (Ochoa-Hueso 
and Manrique, unpublished manuscript).

23.2.2  Nitrogen Fertilization Experiment

24 plots (2.5 × 2.5 m) were established in October 2007 within the thicket in a 
6-block design. Each plot in each block was randomly assigned to one of four 
N treatments (0, 10, 20 and 50 kg N ha−1 year−1) over the background deposition 
(~ 22 kg N ha−1 year−1; Ochoa-Hueso and Manrique 2011). All treatments, exclud-
ing the latter, are within the predicted deposition scenarios for the Mediterranean 
Basin by 2050 (Phoenix et al. 2006) or in the range of N deposition loads measured 
in other Mediterranean regions (Fenn et al. 2003). Nitrogen was applied monthly as 
wet deposition (2 L NH4NO3 solution, providing 0, 19, 37 and 93 mM (NO3

− + NH4
+) 

concentrations). During the dry period (July-August) treatments were not added and 
the 3-month N load was applied in September, simulating the peak of N availability 
with the onset of rain (Fenn et al. 2003).

23.2.3  Pigment Analyses

Three fragments from different clonal individuals of P. squarrosa were taken in 
spring and autumn 2008 and spring 2009 from each plot. Samples from 2008 were 
air-dried and stored in paper bags (we did so taking into account that individuals of 
this species remain dry a high proportion of the year and after Esteban et al. 2009). 
Samples from 2009 were deep-frozen with liquid nitrogen and stored at − 20 °C. 
Chlorophylls ( a and b), β-carotene, neoxanthin, lutein, and VAZ cycle pigments 
(violaxathin, anteraxanthin, and zeaxanthin) were separated by HPLC (Waters, 
U.S.A.) as described in Martínez-Ferri et al. (2000). Pigment reports are expressed 
as pigment ratios.

23.2.4  Soil Sampling and Chemical Analysis

Soil samples 4 cm deep were seasonally removed (from autumn 2008 to summer 
2009) from each plot. Samples were then air-dried and stored at room temperature 
in the dark. Soil pH was measured in water; organic matter and organic N were 
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 assessed by acid digestion and oxidation; extractable P (5 g of soil in 25 ml 0.001 M 
CaCO3, 0.001 MgCO3, 0.04 M CH3COOH, 0.003 M H2SO4 extractant solution), 
extractable base cations (Ca, Na, Mg and K; 2.5 g of soil extracted in 25 ml of M 
CH3COONH4 at pH 7), and extractable non-base cations (Fe, Mn, Zn, Cu and Al; 
2.5 g of soil extracted with 0.5 M CH3COOHNH4, 0.5 M CH3COOH and 0.02 M 
EDTA) were analysed by ICP-OES at the Unit of Analysis of the Centre for Envi-
ronmental Sciences (CSIC, Madrid, Spain) as extensively described in Campos-
Herrera et al. (2008). Soil nitrate (NO3

−) and ammonium (NH4
+) were colorimetri-

cally evaluated after extraction in deionised water. Gravimetric soil water content 
was also calculated.

23.3  Data Analysis

Analysis of variance (ANOVA) for repeated measures (RM) was used for the ef-
fects of N supply (fixed factor) and sampling season (repeated factor). Repeated 
measures approximation was used because of the clonal nature of the selected moss 
species and given the high probability of sampling the same individual in different 
sampling seasons. One-way ANOVA was also used for the effects of N treatments 
by season. LSD tests were used for post-hoc comparisons. When tests were non-
significant, we used soil variables as covariates (current season, four-season aver-
age, and seasonal values) by ANCOVA procedures. Seasonality of soil parameters 
was assumed to be reflected by standard deviation to a certain degree. Stepwise 
linear regressions were used for the effects of soil variables (current season, average 
and seasonal values) on pigment ratios. When necessary, data were transformed to 
fit tests’ assumptions. SPSS17.0 package was used and statistical significance was 
established at P = 0.05.

23.4  Results

Nitrogen effects on pigment ratios and their seasonal variation are reported in 
Table 23.1 and Fig. 23.1. Carotenoids to chlorophyll ratios were highly seasonal. 
When analysing by season, lutein to chlorophyll and VAZ to chlorophyll ratios were 
significantly increased by N supply in autumn 2008, and carotene to chlorophyll 
was marginally decreased by N in spring 2009 when current season ammonium was 
the covariate. Chlorophyll a/b ratios seasonally changed, but overall season-based 
effects of either N fertilization or the interaction between N and season were non-
significant. (Neoxantin + lutein) to β-carotene ratio was seasonal and there was a 
significant effect of N when Mn seasonality was used as covariate; the interaction 
N x season was not significant for this ratio. Sorted by season, this ratio was not 
affected by N in spring 2008, affected in autumn 2008 when current season Mn 
was used as covariate, and affected in spring 2009. Results from the stepwise linear 
regression analyses are shown in Table 23.2. 
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23.5  Discussion

Photosynthetic pigments and pigment ratios provide good complementary indicators 
of N pollution effects and of physiological recovery (Arróniz-Crespo et al. 2008). 
In temperate areas, decreased chlorophyll a/b and increased (neoxanthin + lutein) 
to β-carotene ratios after N fertilization have been related to higher proportions of 
light-harvesting complexes compared with reaction centres. We have proved the lat-
ter to be also true in Mediterranean ecosystems subjected to N enrichment.

Increased pigment concentrations (usually chlorophylls) are a typical conse-
quence of N deposition in mosses and lichens (Sánchez-Hoyos and Manrique 1995; 
Arróniz-Crespo et al. 2008; Ochoa-Hueso and Manrique, unpublished manuscripts) 
but a reduction has also been reported in lichens fumigated with nitric acid (Riddell 
et al. 2008). Thus, pigment responses to N enrichment may depend on the dominant 

Fig. 23.1  Nitrogen fertilization effects on carotenoid to chlorophyll ratios in a spring 2008, 
b autumn 2008, and c spring 2009. Same letter above SE bars indicates no significant differ-
ences ( P > 0.05) between treatments. Neo (neoxanthin), lut (lutein), chlo (chlorophyll a + b), carot 
(β-carotene), VAZ (VAZ cycle pigments). Open (0N), light-grey (10N), dark-grey (20N), dark 
(50N)

 

Fig. 23.2  Nitrogen fertilization effects on chlorophyll a/b and (neoxantin + lutein)/β-carotene 
ratios in a spring 2008, b autumn 2008, and c spring 2009. Same letter above SE bars indicates no 
significant differences ( P > 0.05) between treatments. Neo (neoxanthin), lut (lutein), chlo (chloro-
phyll a + b), carot (β-carotene), VAZ (VAZ cycle pigments). Open (0N), light-grey (10N), dark-
grey (20N), dark (50N)
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N form (wet vs. dry and oxidized vs. reduced), pollution load and also on the plant 
species (Sánchez-Hoyos and Manrique 1995; Arróniz-Crespo et al. 2008; Riddell 
et al. 2008). In contrast, other pigments such as β-carotene can remain un-alterered, 
or just show small responses (increasing or decreasing) at different rates (Ochoa-
Hueso and Manrique, unpublished manuscript). Thus, the alteration of pigment 
ratios will be related to impaired responses of different pigments, which should 
reflect physiological priorities either for photosynthesis or protection against photo-
oxidation.

Additionally, terricolous moss species, in close contact with the soil surface, are 
usually micronutrient-limited (Bowker et al. 2005; Ochoa-Hueso and Manrique, 
unpublished manuscript); particularly, this study suggests that soil NH4

+ and Mn2+ 
influence responses of P. squarrosa to N enrichment. The positive (and masking) 
relationship between β-carotene to chlorophylls with soil NH4

+ (data not shown) 
could be reflecting the need for protection against excessive photo-oxidation if high 
soil NH4

+ levels are damaging cellular machinery. The increase of carotene in rela-
tion to (neoxanthin + lutein) when Mn2+ increases is, in turn, most likely linked to 
the importance of Mn2+ for carotene formation (Blaya and García 2003).

23.6  Concluding Remarks

Responses of terricolous mosses to N enrichment may be mediated by existing 
soil environmental conditions and micronutrient demand and thus direct statistical 
comparisons with samples taken from low-replicated field experiments in highly 
heterogeneous environments may not be powerful enough to detect significant ef-
fects of treatments; therefore, covariance analysis are highly recommended in such 
cases. Finally, (neoxanthin + lutein)/β-carotene seems to consistently respond to N 
enrichment across biomes (temperate and Mediterranean), suggesting its potential 
use as a bio-indicator.
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