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Abstract 

Background:  Alpine alder vegetation acts upon the nearby grass and dwarf shrub vegetation by the nitrogen supply 
from the symbiotic bacteria Frankia alni of Alnus viridis. This has been studied in two transects concerning plant distri-
bution, plant diversity, nitrate concentration in soil and photosynthetic performance of specific marker plants.

Results:  Away from the alder stand, a band of some meters was dominated by Calamagrostis varia which then was 
followed by alpine dwarf shrub vegetation. Nitrate in the soil showed a concentration decrease away from the alder 
stand leading to values near the detection limit in the dwarf shrub zone. Within these three zones, plant species were 
distributed according to their N-index, given in the ecological literature. Three dominant species, Calamagrostis varia, 
Rhododendron ferrugineum and Vaccinium myrtillus were examined at sites of different N-availability in the horizontal 
transect for their photosynthetic performance, by measuring the prompt fluorescence, the OJIP named polyphasic 
rise of chlorophyll-a fluorescence. All three plant species showed signs of stress in the fluorescence rise kinetics at 
decreased nitrate availability. These are similar to other known stress effects such as faster reduction of the primary 
acceptor or an electron supply limitation on the donor site of photosystem II.

Conclusion:  Prompt chlorophyll-a fluorescence data of the examined leaves in a natural vegetation system showed 
the effects of a decrease in the essential nutrient nitrogen and in a manner parallel to changes in plant diversity. The 
selected marker plants behaved differently towards decreasing nitrogen concentrations in soil.

Keywords:  Alnus, Calamagrostis, Dwarf shrubs, Frankia, Plant frequency, N-indicator, Fast chlorophyll fluorescence, 
Nitrogen gradient
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Background
Nitrogen is one of the main nutrients for plant growth 
and is considered to be the limiting factor for net pri-
mary production in terrestrial ecosystems [34, 35]. For 
high productivity in agriculture, nitrogen is supplied 

as fertilizer in the form of nitrate or ammonium. In 
natural pristine environments nitrogen fixing bacte-
ria, free living or as root symbionts, provide bound 
nitrogen in nitrogen-poor soil. In the alpine shrub and 
grass zones the concentration of available nitrogen is 
often low; although various nitrogen compounds may 
be imported through the atmosphere by wind or rain. 
Alnus viridis is an important component of the tall 
shrub vegetation in the subalpine and alpine areas. Due 
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to root symbiosis with the nitrogen-fixing Actinobacte-
rium Frankia alni, the soil at these sites is enriched in 
plant-available nitrogen and a remarkable accumulation 
of biomass may be seen nearby. This suggests the pres-
ence of a nitrogen flow away from the alder zone into 
the neighboring grass and shrub zones. Thus, a clear 
change in plant composition and diversity away from 
the border of the Alnus tall forbs is often observed even 
with the naked eye.

In the Piora valley (Central Switzerland, Canton 
Ticino) such sites are found on the north- exposed slope 
of the Mottone, south of the Murinasca River. In an open 
area between Alnus bushes and trees a defined stripe 
of grasses (mainly Calamagrostis) is observed growing 
adjacent to the Alnus border (see Figs.  1, 2). This grass 
vegetation is abruptly followed by dwarf shrubs, sug-
gesting that sudden changes in nutrient supply might be 
the cause. It is known that nitrogen-species are washed 
out from the soil at Alnus-dominated sites [6] and from 
nitrogen-enriched forest [26]. Plant biodiversity changes 
along the nitrogen gradient. To quantify these observa-
tions, the plant composition and diversity were studied 
in a horizontal and a vertical transect perpendicular to 
the Alnus bushes. The effect on plant metabolism was 
studied by measuring the photosynthetic performance of 
selected dominating plant species at different sites in the 
N-gradient.

In recent decades, chlorophyll-a fluorescence tech-
niques have been used to measure the fitness of or the 
stress upon plants caused by pollutants (e.g. ozone, [3]), 
but also by environmental climatic factors such as heat 
and drought, or the availability of nutrients. These tech-
niques are non-invasive and rapid, and ideal for field 
measurements, as reviewed recently by Kalaji et al. [13]. 
After dark adaptation to obtain a fully oxidized acceptor 
site of photosystem II, a strong light flash increases chlo-
rophyll-a fluorescence from a minimal value at time 10 μs 
(O = Fo = initial fluorescence) to a maximum at 0.3 to 1 s 
(P = Fm = maximal fluorescence). When plotted in a loga-
rithmic scale, this transient shows polyphasic kinetics, 
with steps at 2 ms (J-step) and 30 ms (I-step) (see kinetics 
in Fig. 5). This sequence has been named the OJIP-test. 
With a detailed analysis of it, specific information can be 
gained to estimate the vitality of plants [30, 31]. The Fv/
Fm value is frequently used in the literature, designating 
the maximum quantum yield of the photosystem II, Fv 
being the variable fluorescence (Fm-Fo). However, Fv/Fm 
covers only primary photochemistry as originally discov-
ered by Butler and Kitajiama [4]. This parameter there-
fore has been found to be relatively insensitive towards 
many metabolic changes in the plant induced by environ-
mental effects. Several other parameters can be derived 
from the OJIP kinetics which seem to be more sensitive 
and more specific than the Fv/Fm value (e.g. [2, 12, 18, 23, 

Fig. 1  Photo of the experimental site with the Alnus viridis zone, the Calamagrostis varia band and the dwarf shrub zone. (Photo: J. Schneller)
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24, 36, 37]). The level of the minimum fluorescence Fo, 
the initial velocity of the fluorescence rise, or the J-point, 
the fluorescence level reached after 2 ms have been sug-
gested as valuable markers. Such factors are pooled in the 
photosynthetic performance index PI. Thus the PI covers 
more information by combining primary photochemistry 
with dark reactions of the photosynthetic electron trans-
port and the CO2-fixation downstream the charge sepa-
ration in photosystem II. For a detailed discussion on the 
theory behind the OJIP-test see Strasser et  al. [31] and 
Stirbet et al. [29].

In various crop plants, the OJIP-fluorescence induction 
kinetics is influenced not only by physical environmen-
tal stress, but also by the availability of various nutrients, 
among these nitrogen [19, 25, 33, 37, 38]. In controlled 
nitrogen fertilization experiments with a single plant 
species of same age and genetics, differences in photo-
synthetic performance related to nutrient concentration 
have been demonstrated. In this study we present the 
effect of different nitrogen availability in soil—produced 
by a natural gradient caused by nitrogen leaching from 
Alnus vegetation—on the photosynthetic performance 
of typical common plants in a natural alpine ecosystem. 

These results correlate well with ecological changes in 
plant species distribution and biodiversity at these sites 
and with the empirically determined N-index values in 
the literature.

Results
Characterization of vegetation and environment
The vegetation assessment demonstrates the change of 
species within their habitat along the two transects (see 
Fig.  2). Table  1 shows the floristic composition of the 
plant species in each of the 6 plots of the horizontal and 
the vertical transect with the semi-quantitative estima-
tion of the plant frequency based on Braun-Blanquet [1]. 
The scaling runs from 1 = very few to 6 = dominant. Plant 
distribution was characterized by three clearly distinct 
zones with increasing distance from the Alnus vegeta-
tion, first a Calamagrostis belt (1 to 3, 7, 8) and then the 
dwarf shrub zone in the center (4, 5 and 9 to 12). These 
zones were easily distinguished by eye, using vegetation 
structure and the intensity of leaf color, even within the 
same species in different parts of the transect. Rhodo-
dendron ferrugineum was hardly found near the Alnus 
bushes, while Vaccinium myrtillus or Veratrum album 

Fig. 2  Schematic drawing of the experimental site with the three main vegetation zones characterized by the dominant marker plants species 
Alnus, Calamagrostis and dwarf shrubs. The squares of 1 m2 used for floristic investigation are arranged as horizontal (1–6) and vertical (7–12) 
transects. The locations of the sampling of soil for nitrate determination and of the plant leaves for fluorescence measurements are labeled as b-1 to 
b-4; b-5 is some 100 m away from Alnus trees in a dwarf shrub area
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were spread over the whole transect. Besides Rhododen-
dron, several genera such as Oxalis, Homogyne or Genti-
ana seemed to avoid sites close to the Alnus zone.

N-indicator values [17] characterize the preference 
of a plant towards available nitrogen in soil. Combined 
with the frequency of species in each sample plot (given 
in column 1 of Additional file 1: Table S1), a N-indicator 
value for plant-available nitrogen at each site was calcu-
lated (see Additional file  1: Table  S1). The mean of the 
indicator values of all species collected suggested the 
presence of a nitrogen gradient, with highest values in 
the surrounding Alnus zone (Fig. 3, plots 1, 2, 6, 7), then 
decreasing towards the open part, with the lowest values 
within the dwarf shrub area (plots 3, 4, 9–12). On the 
same basis the plant composition indicated that the pH 
value drops from the Alnus zone towards the dwarf shrub 
zone (not shown). For topological reasons the effect of 
Alnus was highest in plot 6 which was situated within the 
Alnus stands.

Available nitrogen in soil
To quantify differences in N-concentration in the soil, 
nitrate as the plant-available nitrogen was determined in 

soil samples at sites b-1 to b-5. In the well-aerated alpine 
soil, only nitrate was detected as plant-available nitrogen. 
These data confirm that nitrate was washed-out from the 
Alnus site into the dwarf shrub zone (Fig. 4). As the soil 
was rich in particulate organic fragments and inhomoge-
neous, the nitrate content varied broadly within samples 
from the same plot. Differences between the Alnus site 
(b-1) and the Calamagrostis zone (b-2 and b-3) were sta-
tistically not significant (n = 5, significance level 5%). The 
values of sites b-1 and b-2 were statistically different from 
b-4 and b-5 (= control); b-3, as well, was statistically dif-
ferent from b-5; see Additional file 2: Table S2.

Photosynthetic activity measured by the prompt 
fluorescence
The raw fluorescence kinetics of all plant species at all 
sites exhibited the typical polyphasic OJIP fluorescence 
rise. Raw data (Fig.  5a) often showed large differences 
in the fluorescence intensity. This was due to the vari-
ability between the various plants of the same species at 
different sites as well as within their leaves. While the 
mean value of the Fo stayed at about the same level (see 
also Tables 2, 3), the highest Fm in single runs was up to 

Table 1  List of plants and their frequencies observed in the horizontal (sample 1–6) and vertical transect (sample 7–12)

The frequency of the species found is given following the cover abundance scale of Braun-Blanquet [1], ranging from +: 2%, 1: 2–5%, 2: 5–25%, 3: 25–50%, 4: 50–75%, 
5: 57–100%. L-val. = Landolt N indicator value Landolt et al. [17]

Number of plots L-val. Horizontal plots Vertical plots

1 2 3 4 5 6 7 8 9 10 11 12

Species

Achillea macrophylla 4 +
Alnus viridis 4 4 4

Athyrium distentifolium 3 2

Avenella flexuosa 2 + + + + 2 +
Calamagrostis varia 2 1 1 2 4

Dryopteris dilatata 3 + + + + +
Festuca rubra 3 + +
Gentiana purpurea 2 1 + + + +
Homogyne alpina 2 + 1 2 + + +
Juniperus communis 2 +
Ligusticum mutellina 3 +
Lilium martagon 3 +
Luzula silvatica 2 +
Oxalis acetosella 2 + 1 + 1 1 + + + + +
Phleum alpinum 2 +
Rhododendron ferrugineum 2 + 1 2 2 + + 2 3 5

Solidago virgaurea 3 +
Sorbus aucuparia 2 + +
Vaccinium myrtillus 2 1 + 2 3 1 + 1 + 3 +
Vaccinium uliginosum 2 3 2 3 3 3

Veratrum album 4 1 4 1 1 3 3 1 + +
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Fig. 3  Mean of indicator values calculated from plant frequency [1] and Landolt indicator value [17] for the 12 sampling plots in the horizontal 
(1–6) and the vertical (7–12) transects (see Fig. 2)

Fig. 4  Nitrate concentration in soil (mg nitrate–N/kg dry soil, for the sampling sites see Fig. 2). Box plot with median value, 25th and 75th 
percentiles and minimum and maximum values (n = 5, control = sampling site b-5). For statistical treatment see text and Additional file 2: Table S2
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twice that of the lowest one in plants in the heterogene-
ous shrub zone, due to leaf age and local soil conditions. 
For further analysis, Fo and Fm data were double normal-
ized between the time 10 μs for Fo = 0 and 0.3 s for Fm = 1 
(Fig. 5b). This allowed searching for individual differences 
within the induction phase. By averaging the data of 15 
measurements for the same plant species and location, 
specific environmental effects in photosynthetic perfor-
mance at different sites became in evidence. The data of 
the three selected plants, Calamagrostis, Rhododendron 

and Vaccinium, demonstrated kinetic differences rela-
tive to the nitrate concentration in the soil. In summary 
all tested plant species displayed a more rapid fluores-
cence rise at lower nitrate, indicating a faster closure of 
the primary acceptor of PSII and a reduced electron flow 
beyond. In Vaccinium the differences between lower and 
higher nitrate availability were small and only visible in 
the JI part of the fluorescence rise. In Rhododendron the 
two traces had already separated by ~ 0.2  ms, while in 
Calamagrostis they splitted only after 3 ms (Fig. 6).   
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Fig. 5  Fluorescence induction scans from 10 μs to 3 s of 5 different Alnus leaves from site b-1, a raw data, b the same data after double 
normalization between Fo = 0 and Fmax at 0.3 s = 1. All data points are means of 15 measurements (data of 2. August 2017)
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Several parameters can be extracted from prompt fluo-
rescence; they give quantitative informations and can be 
treated with statistical tools.

Tables  2, 3 list some parameters which others have 
described as being affected by environmental impacts. 
They are compared pairwise for the same plant at differ-
ent N-contents in the soil.

The most frequently used parameter so far in the litera-
ture to quantify the photosynthetic performance is the Fv/
Fm value, the maximum yield of primary photochemistry. 
In healthy plants it is around 0.8, but many environmen-
tal effects may lower it substantially. The mean values of 
15 measurements in such a diverse habitat type spanned 
the range for all plants and locations from 0.71 to 0.83; 
and these values were significantly lower mid-September 
as compared to beginning of August. In early August the 
Fv/Fm values of Alnus, Calamagrostis and Rhododen-
dron stayed high around 0.8; 6 weeks later all values had 
dropped. As in summer the highest values were observed 
in fall with Vaccinium and Avenella in or near the shrub 
zone. Regarding a nitrogen effect, only Calamagrostis, 
in fall, showed a higher Fv/Fm value near the Alnus zone 
(b-2) as compared to the shrub zone (b-3). The difference 
is small, but statistically significant with p < 0.01. In con-
trast Rhododendron had slightly lower but not significant 

values near the Alnus zone (b-2) as compared to in the 
shrub zone (b-4). For Vaccinium no statistical difference 
was observed between the two sites and the value for 
Avenella was similar to Vaccinium.

The initial fluorescence, Fo, has also been suggested to 
respond to environmental signals: it rises at stress situ-
ations, e.g. after long drought periods [9]. The Fo varia-
tion observed along the transect ranged mid September 
from 5314 counts for Alnus to 7228 in early August for 
Calamagrostis near the shrub zone. In early August 
there was no difference between the two sites, neither 
for Calamagrostis nor for Rhododendron. In contrast, in 
mid September the level of Fo in both species was statis-
tically different for the two sites (p < 0.01), interestingly 
both species with a higher Fo near the Alnus zone with 
more nitrogen. For Rhododendron the value near Alnus 
(b-2) was statistically different from the one sampled in 
the shrub zone (b-4); also the Fo values for Vaccinium are 
different for the two sites (b-3 and b-4) (p < 0.02).

As shown in Fig.  6, for both Calamagrostis and Rho-
dodendron, the initial fluorescence rise was different 
between plants near the Alnus site as compared to those 
at some distant away. The initial slope dFv/dt is a meas-
ure of the initial rate of the closure of the RC of PS II; 
it increases when the electron transport beyond the 

Table 2  Selected parameters from  OJIP prompt fluorescence rise (data of  2. August 2017) for  the  species Alnus, 
Calamagrostis and Rhododendron 

plants Alnus Calamagrostis Rhododendron

Vegetation 
zone Alnus Calamagrostis 

near Alnus
Calamagrostis
near shrub zone

Calamagrostis
near Alnus

shrub 
zone

sampling site b-1 b-2 b-3 b-2 b-4
Fv/Fm
mean 0.83 0.78 0.80 0.82 0.81
s.d. 0.01 0.04 0.06 0.02 0.03
Fo
mean 5597 6998 7228 6299 6592
s.d. 241 1184 508 480 1364
initial   
velocity 
Vinit

a

mean 0.29 0.63 0.63 0.26 0.41
s.d. 0.03 0.18 0.10 0.04 0.04
J-value        
(3 msec)
mean 0.45 0.33 0.44 0.35 0.48
s.d. 0.05 0.08 0.03 0.03 0.03
PI
mean 6.19 2.98 2.63 8.67 3.48
s.d. 1.03 1.06 0.85 2.19 0.63

For Calamagrostis and Rhododendron the data at the two sites in the nitrate gradient (b-2 with b-3 and b-2 with b-4, respectively) are compared. All numbers are 
means of 15 measurements. Colored squares identify the plants for which the results are statistically different (p < 0.01) at the two sites
a  the initial velocity has been calculated as Vinit = FV150 μsec/0.15
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primary acceptor of PS II is impeded. In summer no dif-
ference was seen for Calamagrostis, while Rhododen-
dron reacted to limiting nitrogen by a more rapid initial 
increase. In September, with all species, the initial rise 
was faster compared to beginning of August; while in 
summer Calamagrostis had identical values for Vinit, it 
was in fall about 30% higher at the site near the shrub 
zone (b-3) compared to near Alnus (b-2). In Rhododen-
dron Vinit differed in summer with lower values at the site 
near Alnus (b-2). In contrast the situation was reversed 
mid September when the shrub zone (b-4) had a lower 
Vinit.

The J value, the normalized relative fluorescence level 
reached after 3 ms, is as well a measure of how fast the 
primary acceptor of PSII becomes reduced. Calamagros-
tis and Rhododendron presented both in summer and fall 
a better photosynthetic performance close to the Alnus 
zone with its higher nitrogen content in the soil. In con-
trast, in September the J-value of Rhododendron close to 
Alnus was clearly higher. The J-values of Vaccinium gave 
a better performance in Calamagrostis (b-3) compared to 
the site in the shrub zone (b-4).

The photosynthetic index PI is a parameter frequently 
used for measuring environmental stress effects, espe-
cially for monitoring the vitality of crop plants. Simi-
lar to the other parameters described above, the PI of 
Calamagrostis had dropped in fall. In summer the differ-
ence between higher and lower nitrate content (b-2 com-
pared to b-3) was small but significant; the difference was 
double that of September (p < 0.001). In summer Rhodo-
dendron had quite higher values near Alnus (b-2) with 
a p < 0.001 compared to the site in the shrubs (b-4). For 
Vaccinium the two sites were statistically identical.

Various stress situations cause specific differences in 
the early fluorescence rise at around 300 μs, the K band. 
In our experiments, as shown in Fig. 7, when the differ-
ences (within the first 3  ms) between the three species, 
Calamagrostis, Rhododendron and Vaccinium, close to 
and away from Alnus, are compared, clear differences are 
apparent: In Calamagrostis the signal (higher N–lower 
N) is positive, while in Rhododendron and Vaccinium it is 
negative with a delayed minimum at 1 ms.

The final section of induction kinetic, the I-P part, gives 
some information on the electron transport from PS 

Table 3  Selected parameters from  OJIP prompt fluorescence rise (data of  13. September 2017) for  the  species Alnus, 
Calamagrostis, Rhododendron, Vaccinium and Avenella 

plant Alnus Calamagrostis Rhododendron Vaccinium Avenella

Vegetation 
zone Alnus

Calamag
rostis
near 

Alnus

Calamag
rostis
near 

shrub 
zone

Calamag
rostis 
near 

Alnus

in shrub 
zone

Calamag
rostis 
near 
shrub 
zone

in shrub 
zone

in shrub 
zone

sampling 
site b-1 b-2 b-3 b-2 b-4 b-3 b-4 b-4
Fv/Fm 
mean 
s.d.

0.72
0.057

0.76
0.040

0.71
0.027

0.73
0.099

0.75
0.036

0.80
0.031

0.80
0.017

0.81
0.012

Fo  
mean
s.d.

5314
603

6829
656

6257
447

7105
1205

6251
553

6177
403

5681
628

6272
1178

initial 
velocity

mean 
s.d.

Vinita 0.42
0.08

0.57
0.12

0.81
0.11

0.39
0.12

0.31
0.07

0.36
0.06

0.36
0.05

0.49
0.06

J-value     
(3 msec) 
mean
s.d.

0.55
0.05

0.51
0.06

0.57
0.04

0.53
0.06

0.41
0.05

0.44
0.05

0.49
0.05

0.46
0.03

PI  
mean 
s.d.

2.16
1.10

1.96
0.96

0.87
0.29

2.56
1.54

4.12
1.65

4.56
1.26

3.85
1.48

3.10
0.63

For Calamagrostis, Rhododendron and Vaccinium the data at the two sites in the nitrate gradient (b-2 with b-3, b-2 with b-4 and b-3 with b-4, respectively) are 
compared. All numbers are means of 15 measurements. Colored squares identify the plants for which the results are statistically different (p < 0.01) at the two sites
a  the initial velocity has been calculated as Vinit = FV150 μsec/0.15
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Fig. 6  Fluorescence induction scans from 10 μs to 3 s after double normalization between Fo = 0 and Fmax at 0.3 s = 1, for Calamagrostis (sites b-2 
and b-3), Rhododendron (sites b-2 and b-4) (data of 2. August 2017) and Vaccinium (sites b-3 and b-4) (data of 13. September 2017). All data points 
are means of 15 measurements
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II to PS I and beyond. For all three tested species, clear 
differences were observed (Fig.  8). After normalizing 
between 0 and 3 ms (O-J phase), no differences between 
the sites of varying N-availability were apparent within 
this time period; the traces are superimposed. However, 
the fluorescence kinetics separated between about 10 and 
100 ms. All three plants had a higher electron transport 
activity at the site of higher nitrogen supply (b-2) as com-
pared to the site near the shrub zone (b-3, b-4).

Discussion
Alnus viridis is widely present in the Swiss Alps at alti-
tudes between 1500 and 2500  m a.s.l. and develops in 
many places when the alpine grass vegetation is not 
grazed by cattle or sheep. With its symbiotic partner 
Frankia alni, it affects the nitrogen supply in soil within 
and near the Alnus covered area, leading to a gradient 
of plant-available nitrogen away from Alnus stands. This 
has been confirmed by three observations: (a) analyses 
of nitrate in the soil (Fig. 4), (b) characterizing the plant 
diversity using the N-index from the literature (Fig.  3), 
and (c) interpreting the responses of the plant photo-
synthetic performance with fast fluorescence kinetics 
(Figs. 6, 7, 8).

The dispersal of different species along the two tran-
sects  (2. August 2017) indicate the allocation of differ-
ently adapted species to the nitrogen content of the soil 
(Table  1). Plant indicator values have been empirically 
worked out for each species by comparing growth and 
ability for competition in relation to available nitrogen in 

soil under natural conditions [7, 16, 17, 32]. When com-
bined with the plant frequency in each plot, these val-
ues correlate well with the actual nitrate concentration 
(Fig.  3). High values were found for plot 1, 6 and 7, all 
situated within the area of Alnus plants, while the values 
of the plots in the shrub zone are clearly lower.

The plant community composition has a strong influ-
ence on the retention as well as on the loss of nutrients 
on a local as well as in a watershed scale. Nitrate and dis-
solved organic nitrogen concentrations in small rivers are 
strongly related to the vegetation cover in its watershed. 
In a region in Oregon (USA) dominated by red alder, a 
massive leaching of nitrogen was observed [6]. Similarly, 
in our experiment Alnus viridis acts as a strong control 
on ecosystem function and plant diversity.

Effects of nitrogen supply on photosystem II photo-
chemistry have been studied for various important crop 
plants [12, 13, 18, 19, 25, 33, 37] Nitrogen deficiency, as 
a physical environmental stress factor, acted on the fluo-
rescence induction rise during the first second. These 
lab experiments were run with plants under controlled 
growth conditions and with a defined addition of the 
nutrient. Observed effects can be compared to a control 
situation and correlated to the stress imposed. In field 
experiments real controls are missing, in our experi-
ments we compared plants of the same species pairwise 
at different sites in a gradient of nitrate in the soil.

The most frequently used parameter to measure stress 
effects or the photosynthetic performance of plants is 
the maximum quantum yield of PS II, the ratio of the 
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variable fluorescence to the maximum one (Fv/Fm). How-
ever, compared with other indicators of photosynthetic 
performance, it has been found to not be very sensi-
tive; no seasonal variation or response to drought was 
observed with beech saplings [22] or Triticum reacting 
only after long periods of dehydration [36].

Under nitrogen limitation the Fv/Fm dropped in maize 
from 0.76 in the control to 0.68, while in tomato the effect 
was even smaller [11]. Li et al. [18] reported only minimal 
differences for maize at 2 different levels of nitrogen in 
soil. Similarly, while water logging for 20  days reduced 
leaf nitrogen in Medicago sativa to less than half, at the 
same time the Fv/Fm value dropped by about 15% [27].

In our experiments the relative deviation to the mean 
values of the Fv/Fm with 15 measurements for each plant 
and each site was between 1.2 and 13.5%, indicating some 
diversity between single plants within the same spe-
cies and site. Tables 2, 3 present all data as mean values 
of 15 measurements. For all selected parameters white 
squares with the same species at the two sites of differ-
ent soil nitrogen are statistically similar while colored 
fields are pairwise statistically different (t-test p < 0.01). 
Overall the Fv/Fm values do not differ much in relation to 
the nitrate concentration, but they are clearly lower mid-
September compared to early August. In early August the 
values do not differ pairwise. However, 6 weeks later, the 
two values of Calamagrostis (b-2 and b-3) differ statisti-
cally (p < 0.01). Similarly, in early August the two values 
of Rhododendron are identical, while in fall, the site near 
Alnus is statistically different from the site in the shrub 
zone. Vaccinium shows the highest Fv/Fm, but they are 
statistically identical. These data confirm that Fv/Fm is 
only a rough measure of photosynthetic performance or 
vitality in a mixed plant population in an ecosystem of 
heterogenic soil and nutrient supply conditions.

The minimal fluorescence, Fo, is said to be sensitive 
towards environmental extremes [5, 9, 13]. Would Fo 
also react on differences in nitrogen availability? In early 
August the differences in the level of Fo are small and pair 
wise statistically not significant, while in mid-September, 
the Fo of Calamagrostis at the two sites is different with a 
p < 0.01. For Rhododendron and Vaccinium statistical dif-
ferences are found between the site near Alnus and the 
one more distant. However, in all cases the site of higher 
nitrate resulted in a higher level of Fo, which is in contrast 
to the expectation that stress will increase Fo. This shift 
in fluorescence intensity may be due to changes in fall in 
the optical properties of the different leaves induced by 
senescence, like changes in the pigment composition or 
the structure of the thylakoids.

The initial velocity of the fluorescence rise has not often 
been studied in plant stress experiments. The OJ phase 
reflects the speed of reduction of the primary acceptor 

Q, thus the more blocked QA is, the steeper is the ini-
tial fluorescence rise (Cicek et  al. [5]. In early summer 
Calamagrostis showed a more rapid initial velocity, com-
pared to Alnus and Rhododendron, with identical val-
ues for the two sites. In contrast Rhododendron showed 
a strong difference between the two sites, with better 
performance at lower nitrogen content. In fall the ini-
tial velocity in Calamagrostis at the two sites differed 
strongly, being 40% higher for the low nitrate site com-
pared to close to the alder bushes. Rhododendron close to 
Alnus differs as well significantly from the other site. The 
performance of Vaccinium at the two sites is practically 
identical (p = 0.56). Again, the fall values for all species 
point to downgraded environmental conditions and plant 
senescence.

The level of the J-step is also a measure of stress, 
which is easily demonstrated in the kinetic data (Fig. 6). 
Nitrogen starvation also increased the J step [25], which 
has been discussed as a decrease in electron transport 
beyond the acceptor Q. In our alpine nitrogen gradient 
both Calamagrostis and Rhododendron react significantly 
on nitrate differences in the soil both in early August and 
mid-September. It must be noted that for Calamagros-
tis the J-value in summer is the only parameter which 
is statistically different for the two sites of different 
N-availability.

A positive K-band, located between the O and J step 
(Fig.  7), indicates a decrease of overall efficiency of 
activity of the oxygen evolving complex [9, 25, 28]. It is 
observed upon various stress situations. Under drought 
situations with barley the K-band changed from negative 
to positive, the stronger the stress acted upon the plants 
[21]. A positive K-band has also been observed in nitro-
gen fertilization experiments with crop plants after a lack 
of nutrients. Calamagrostis showed, both in early August 
(not shown) and mid-September, a strong positive dif-
ference between the two sites; interestingly the maxi-
mum was reached already after 300  μsec in September. 
In contrast, Rhododendron had a slightly positive signal 
in August which turned to a negative one in September. 
For Vaccinium the K-band was also negative. As nitro-
gen is a strong determinant of plant growth and up to 
50% of leaf nitrogen is found in the photosynthetic struc-
tures, it is not astonishing that limited nitrogen supply 
for the densely growing Calamagrostis has severe effects 
on the sensitive oxygen-evolving system of the PSII with 
a high protein turnover. In the low nitrogen adapted 
shrubs Rhododendron and Vaccinium a strong K-band is 
missing.

The photosynthetic performance index PI has achieved 
an important measure of the overall vitality of the plant 
and contains information on the trapping of absorbed 
photons, on the activity of the reaction centers in 
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photosystem II and the efficiency of the electron trans-
port beyond PSII [14, 29, 31]. It is therefore highly sen-
sitive to a multitude of environmental effects [13]. As a 
consequence, PI varies widely between different plant 
species, leaf age, season, the daily cycle and environmen-
tal effects, as well as for the same plant species between 
different sites [15, 23, 24, 36]. PI reacts also on various 
nutritional deficiencies including nitrogen [11]. As PI 
is positively correlated both with the nitrogen con-
tent of the leaves [20] and the rate of photosynthetic 
CO2-fixation [2], PI should be a good control for N-defi-
ciency [11, 18, 25, 29]. It was therefore surprising, that PI 
for the 2 sites for Calamagrostis was statistically identical 
in early August, but changed to a strong difference mid-
September with a higher value at higher nitrogen. Higher 
nitrogen in soil resulted in a higher PI also in Rhododen-
dron in early August. In contrast, in September the sit-
uation was reversed. In Vaccinium PI at the 2 sites was 
statistically identical, thus Vaccinium seems to be rather 
insensitive to a small N-variation.

How do these alpine plants react upon varying nitro-
gen availability in soil? For Calamagrostis, the indica-
tors extracted from the fluorescence data (except Fo) 
mid-September indicated positive differences for higher 
nitrogen between the sites near Alnus and the shrub 
bushes, demonstrating that the grass reacts positively 
to higher levels of nitrogen. In contrast in early August, 
although differences were visible in the averaged fluores-
cence scans (Fig. 6a), all parameters except for the vari-
able fluorescence FJ at the J-step, indicated no differences 
between low and high nitrogen. Rhododendron was also 
influenced by the nitrogen content in soil. Beginning in 
August, it performed better near Alnus, while in Septem-
ber the situation became reversed. All parameters point 
to less photosynthetic efficiency near the Alnus site. Dur-
ing the summer growth period N-availability was more 
important than mid September with already harsh cli-
matic conditions above 2000 m a.s.l. Vaccinium seemed 
to be less sensitive towards changes in nitrogen; however, 
it must be noted that it was absent close to the Alnus 
front.

As many environmental factors affect parameters 
derived from fast fluorescence, one could question 
whether the described changes here are due specifically 
to the nitrate concentration in soil. However, as the dis-
tance between alder bushes and the dwarf shrub region 
is about 10 m, different climatic effects are not plausible. 
Furthermore, the soil samples from the different sites 
(b-1 to b-5) are of similar structure, inhomogeneous 
and rich in coarse particulate dead plant organic matter. 
It is assumed that in this rather small habitat, the plants 
are well adapted to the present local prevailing environ-
mental conditions and stay over the season in a slowly 

reacting dynamic equilibrium, including the nitrogen 
flow from the alder symbionts.

When the results of the two sampling dates are com-
pared it is obvious that plant vitality is significantly bet-
ter in summer. For Alnus PI dropped in fall by 65%, a 
decline that holds also for Fv/Fm. The velocity of the ini-
tial rise and the position of the J-step increased. These 
indicators changed likewise in Calamagrostis and Rho-
dodendron between early August and mid-September. 
Dropping temperatures and altered light conditions on 
the north-exposed hillside must have affected all plants, 
but certainly also had an impact on the nitrogen-fixa-
tion rate of the Alnus symbionts. This would then have 
altered the N-gradient and thus the N-supply for the 
grass and shrubs at the different sites. It must be noted 
that between the two sampling dates several strong drops 
in ambient temperature occurred as recorded in nearby 
meteorological stations (Swiss Meteo 2018).

Conclusions
The change in plant diversity in a small area away from 
Alnus bushes and trees suggested a strong dependency 
on the nitrogen supply in soil provided by the nitrogen-
fixing capacity of the root symbionts Frankia alni. This 
was confirmed by chemical nitrate analyses and strength-
ened by the distribution of the mean N-indicator values 
of plots in the transects showing a gradient away from 
the Alnus-covered area. Prompt fluorescence OJIP meas-
urements indicated that at lower nitrogen levels in the 
soil, the same plant species often showed signs of nutri-
ent stress, such as more rapid reduction of the primary 
acceptor, a reduced capacity on the donor site of photo-
system II and a lower performance index. This natural 
ecosystem was under quasi equilibrium conditions and 
slow changes in the seasonal cycle were taking place dur-
ing this study. Fast fluorescence data showed differences 
in the photosynthetic metabolism within the same plant 
species when sites with high and low nitrogen soil con-
centration were compared. Not all species were equally 
sensitive. While the grass Calamagrostis reacted strongly 
to changes in soil nitrogen, Vaccinium was rather 
insensitive.

Materials
Site description
The experimental site is located in the Val Piora (Ticino, 
Switzerland) (N 46° 32.671 E 8° 42.974, 2040  m a.s.l.); 
the geographical location can be verified under//map.
geo.admin.ch, using the search name “Alpe di Piora (TI)-
Quinto”. A roughly rectangular N-E oriented area of 
about 30 × 40 m in size with a slope of about 30°–35° is 
surrounded by Alnus viridis bushes and trees. A defined 
strip of grasses of 6 to 8  m width follows adjacent to 
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the Alnus border (see Figs.  1, 2), consisting of mainly 
Calamagrostis varia. This strip then abruptly merges 
with dwarf shrubs dominated by Rhododendron ferrug-
ineum and Vaccinium uliginosum. As soil structure and 
physical parameters are similar over the site, these dis-
tinct changes in plants composition may be based on the 
differences in nutrient content in the soil. A schematic 
drawing of the site is given in Fig. 2.

Sampling, plant abundance
The substratum consisted of ~ 10–40 cm tall humus layer 
above Bündner shist (Penninicum). A horizontal and a 
vertical transect was selected within the area (Fig.  2) to 
characterize the species diversity. Each transect consisted 
of six plots or collection squares of 1 × 1 m at every 4 to 
5  m. For every square the composition of species and 
their frequency were recorded on the 2nd of August 2017 
following the cover abundance scale of Braun-Blanquet 
[1] (Table 1).

Determining indicator values
Landolt [16], Landolt et  al. [17] and Ellenberg et  al. [8] 
characterized many plant species empirically by a specific 
nitrogen (N) indicator value. In this investigation we used 
the indicator values of Landolt et al. [17] which are based 
on a simple ordinal classification of plants according to 
the position of their realized ecological niche using the 
ordinal scale of 1 (= very low soil N) to 10 (= very rich 
soil N). Thimonier et  al. [32] used these indicators for 
monitoring the ground vegetation in forests. These index 
values for the plant species found are listed in column 1 
of Additional file 1: Table S1. For all plant species present 
these indicator values for nitrogen were combined with 
the Braun-Blanquet frequencies of each species in each 
1  m2 plot resulting in a mean indicator value for each 
plot. These values are shown for each plot in Fig. 3. The 
detailed calculation is given for plot 1 in Additional file 1: 
Table S1.

Nitrate determination in soil
Using a spatula, five samples of soil of about 100 g were 
collected on the 13th September 2017 from the top 
20 cm of each zone in the horizontal transect and from 
a control site distant from Alnus trees. Sampling sites are 
indicated in Fig.  2 (b-1, b-2, b-3, b-4). Sample b-5 was 
collected in the dwarf shrub vegetation about 100 m dis-
tance from Alnus vegetation.

For the nitrate determination, 5 separate aliquots of 15 
to 50 g of fresh soil from each sample (b-1 to b-5) were 
manually homogenized and suspended in 100 ml 0.01 M 
CaCl2, stirred for 60  min at RT (25  °C) on a lab shaker 
(Kühner) at 140  rpm, then filtrated through a What-
man 790 circular filter. The filtrate was directly used 

for the nitrate determination by a Skalar’ Continuous 
Flow-Analyzer by measuring the absorbance at 540  nm 
according to the method designed by the Skalar company 
(Breda, The Netherlands). Nitrate was the only N species 
detected in the extracts. After extraction the dry weight 
of the samples was determined, and the nitrate concen-
tration was calculated per dry weight of soil, taking the 
Flow-Analyzer volumes of each extract into account.

Chlorophyll‑a fluorescence
Chlorophyll-a fluorescence was analyzed using the port-
able fluorometer Pocket PEA (Hansatech, King’s Lynn, 
England) on the 2nd of August 2017 and the 13th Sep-
tember 2017 in the early afternoon. From the different 
plant samples found at the site, the following dominant 
species were selected: Alnus viridis, Rhododendron fer-
rugineum, Vaccinium uliginosum, Calamagrostis varia 
and Avenella flexuosa. Light-exposed, fully developped 
leaves were randomly selected from an area of 50 × 50 cm 
(Calamagrostis, Avenella), respectively from several small 
shrubs (Rhododendron, Vaccinium) and from the outside 
of the larger bushes (Alnus). Plant material was sampled 
at the vegetation boundaries as determined for nitrate 
determination (b-1, b-2, b-3, b-4). Detached leaves were 
fixed in commercial leaf clips (Hansatech, England) and 
kept in the dark for 20  min prior to the fluorescence 
measurement [10, 31].

At each site (b-1 to b-4) fast fluorescence was meas-
ured with 5 leaves from different plants of the same spe-
cies located at the same site. These experiments were 
repeated 3 times within 30 min, leading to 15 measure-
ments per plant and site.

Excitation intensity was 3500  µmol photons m−2  s−1 
with red light of 650 nm for 3  s. From the fluorescence 
induction signal with high temporal resolution from 
10  µs to 3  s, the instrument determined initial (Fo) and 
maximum (Fm) fluorescence and calculated the variable 
fluorescence (Fv) at specified time intervals, and also pro-
vided further specific parameters such as the potential 
quantum yield of PS II (Fv/Fm), or the performance index 
(PIABS). For further calculations and the visualization, the 
experimental data were transferred into Excel sheets to 
calculate the mean value of all data points of each time 
course from 15 replicates of the same plant species and 
location. To reduce the variability due to e.g. leaf age and 
leaf position and local soil differences, the fluorescence 
induction curves were normalized by setting Fo = 0 and 
Fm = 1. The result is illustrated in Fig. 5. The initial veloc-
ity was calculated as (F0.15ms–F0)/0.15.

Statistical treatment
To calculate mean values, standard deviation and sig-
nificance with t-test analysis the software MaxStat was 
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used. All data points presented in the figures are means 
of 5 consecutive measurements which were repeated 
3 times (n = 15) in intervals of 30  min. Additional 
file 2: Table S2 reports the statistical data of the nitrate 
concentrations.

Supplementary information
Supplementary information accompanies this paper at https​://doi.
org/10.1186/s1289​8-020-00292​-9.

Additional file 1: Table S1. Calculation of the mean N-value of each plot 
from the indicator values of Landolt et al. [17] and its frequency based on 
Braun-Blanquet [1]. For each plant (in this example of plot 1 (Table 1)) the 
Braun-Blanquet frequency was increased by 1 to obtain values from 1 to 
5. This number was multiplied by the Landolt-indicator value. The mean 
N-value per plot results in the sum of these products divided by the sum 
of the new frequency values. The calculation steps are given below.

Additional file 2: Table S2. Statistical proof of significance (p-values after 
Mann–Whitney, MaxStat-Lite, 3.60), 5 measurements per site b-1 to b-5.
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