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Abstract

Bryophytes dominate northern peatlands. Obtaining reliable measurements of moss-growth and
how it may be affected by global changes are therefore important. Several methods have been
used to measure moss-growth but it is unclear how comparable they are in different conditions
and this uncertainty undermines comparisons among studies. In a field experiment we measured
the growth and production of Sphagnum fallax (Sphagnum) and Polytrichum strictum (Polytrichum)
using two handling methods, using cut and uncut plants, and three growth-variables, height-
growth, length-growth, and mass-growth. We aimed “benchmarking” a combination of six meth-
odological options against exactly the same set of factorial experiments: atmospheric CO; enrich-
ment and N addition. The two handling methods produced partly different results: in half of the
cases, one method revealed a significant treatment effect but the other one did not: significant
negative effects on growth were only observed on uncut plants for elevated CO; and on cut plants
for N addition. Furthermore, the correspondence between measurements made with various
growth-variables depended on the species and, to a lesser extent, treatments. Sphagnum and Poly-
trichum growth was inhibited under elevated CO., and correlated to higher ammonium values.
Sphagnum was however less affected than Polytrichum and the height difference between the two
species decreased. N addition reduced the P/N ratio and probably induced P-limiting conditions.
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Sphagnum growth was more inhibited than Polytrichum and the height difference between the two
species increased. Our data show that such a problem indeed exists between the cut and uncut
handling methods. Not only do the results differ in absolute terms by as much as 82% but also do
their comparisons and interpretations depend on the handling method—and thus the interpreta-
tion would be biased—in half of the cases. These results call for caution when comparing factorial
studies based on different handling methods.
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1. Introduction

Bryophytes play an important functional role in both natural and regenerating cutover peatlands of the temperate
and boreal zones of the Northern Hemisphere. Growing peatlands represent a globally significant long-term
carbon sink and Sphagnum bogs are an important component of these peatlands [1] [2]. However, large areas of
these bogs have been exploited and are now either destroyed or gradually regenerating. The natural regeneration
of cutover bogs is a typical example of facilitation where a keystone species, in the Jura Mountains usually ei-
ther Polytrichum spp. or Eriophorum spp., creates favourable microclimatic conditions allowing Sphagnum spp.
to re-establish more easily [3]. Polytrichum functions as a seed-trap for Sphagnum diaspores [4]. In a later stage,
Sphagnum outcompetes the initial coloniser and the further succession leads to typical Sphagnum bog vegetation
[5].

The sequestration of C in peatlands and the natural regeneration process of cutover bogs, may however, be
modified by specific treatments such as atmospheric CO, enrichment or enhanced N depositions. Indeed, bryo-
phytes are amongst the most sensitive plant species to atmospheric pollutants. The absence of a defined root
system for major nutrient uptake in terrestrial bryophytes conveys a potential dependence on the atmosphere [6]
[7]. Moreover, poikilohydrous species such as mosses reach the saturation level of photosynthesis at a much
higher concentration of atmospheric CO, compared to vascular plants [8].

Given the functional importance of bryophytes in northern peatlands, it is essential to obtain reliable estimates
of their growth and productivity to monitor C sequestration. Various studies have investigated Sphagnum growth
and how it was affected by enhanced CO, or N deposition [9]-[20] but much less is known concerning Poly-
trichum [21]-[23]. Comparing these and other (see also Table A1) moss growth data is difficult for two reasons:
1) two main methods were used, either by initially cutting plants or not, and 2) growth was either expressed in
terms of height-, length- or mass-growths.

Now, these methods are normally used to measure different ecological responses and therefore have addi-
tional value and are often chosen on purpose in most studies. We can expect these different measures not corre-
lated 1:1 and comparing them without any idea of their ecological meaning in a large meta-analysis is also
therefore not advisable. After making a literature review (see also Table A1) we found that various methods
have been used to answer the same research questions. Various methods generated various responses that have
been merged in a bigger meta-analysis using averaged conversion factors. One good example of such a merging
can be found in [24], where the authors maximized the number of experiments included in their meta-analysis
by converting stem growth to production using a generalised relationship between stem growth and production
derived from a common subset of glasshouse and field experiments where both variables had been reported. We
think that extrapolation of such relationships may be problematic and the aim of our study is to “benchmark”
these methods against exactly the same set of treatment experiments.

Reference [25] first introduced the “cut plant” method and Clymo later modified it into the “capitulum correc-
tion” method [26], both of which are based on the stem length increment of inserted pre-cut plants. It should be
stressed that the cut methods are nowadays not used as often as in the past. The alternative to this method is
simply to insert a marker that allows the growth to be measured. This “uncut” method is much simpler, and
causes the minimal disturbance. Given the fragility and sensitivity to drought of bryophytes, the fact of cutting
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or not the plants may affect their subsequent growth and the two methods may therefore yield different results.
Surprisingly, to our best knowledge, no study has attempted to compare these two methods, although Clymo’s
methodological review [26] provides hints for a possible bias under certain conditions (e.g. hygrometry).

Our aim was to apply all these growth-measurement methods in parallel to exactly the same set of global
change treatments. To do so we need a double approach: 1) investigate how the growth of Sphagnum fallax
(Sphagnum) and Polytrichum strictum (Polytrichum) mosses was affected by the cutting and other handling as-
sociated with the well used capitulum correction method; and 2) assess the effect of elevated CO, or enhanced N
deposition on various growth-measurements of these two species.

We hypothesised that: 1) Polytrichum would be more affected than Sphagnum by the cutting and handling of
the capitulum correction method because cutting Polytrichum would disconnect its internal conducting tissue
and reduce its ability to re-translocate nutrients from old parts; 2) elevated CO, would increase the source-to-
sink relation, leading to a “dilution” of nutrients and shift in nutrient limitation [27], and thus favour mass-
growth of plants adapted to nutrient-poor conditions such as Sphagnum [28]; and 3) N addition would increase
N-nutrient availability and stimulate preferentially the growth of Polytrichum [21].

2. Materials and Methods
2.1. Study Site

The field experiment run from March 27 to November 11, 1997 in an ombrotrophic peatland in the Swiss-Jura
Moutains (La Chaux-des-Breuleux, 47°15'N, 6°55'E, alt: 1000 m.a.s.l). The mire was drained and the peat was
exploited until 1945, and then abandoned. The average daily temperature in the warmest month is 15°C and
—5°C in the coldest month. The average annual precipitation is 1390 mm and snow covers the site 80 to 120 days
yr *. N deposition is 15 Kg-ha *-yr* [29]. The vegetation is dominated by Eriophorum vaginatum, Carexnigra,
Vaccinium oxycoccus, Sphagnum fallax, Polytrichum strictum, and Aulacomnium palustre. Polytrichum and
Sphagnum plants constitute a mosaic assemblage.

2.2. Experimental Setup

Two separated experiments were conducted in two adjacent ca. 400 m? surfaces (15 m apart): 1) atmospheric
CO, enrichment experiment with treatment as elevated, 560 ppm CO, (C*) and ambient (AIR), 360 ppm CO,; 2)
mineral N addition experiment with treatment as enhanced, 30 Kg N-ha *-yr* (N*) and control as ambient (No).
The first experimental site was equipped with a CO, gas enrichment device composed of five one meter diame-
ter MiniFACE rings (plot-replicates) connected to a gas inlet and computerised control system [30]. Five other
rings (plot-replicates) not connected to the gas inlet represented the control rings. On the second sub-site, min-
eral N was regularly applied as an aqueous 107 mM solution of NH4NO3 in six applications per growing season
as a fine spray on five one meter-squared plots. Each dose was given in 2 litres of distilled water per plot. Con-
trol plots received 2 litres of distilled water per plot. The treatments were randomly assigned to the plots. The
two experiments have been carried out throughout the growing season until the bog had its first diurnal frosts
(November 11).

2.3. Water Table and Water Chemistry

The water table depth (WTD) below the Sphagnum canopy was measured every second week in the plots’ pie-
zometer and the cumulative WTD (CWTD) calculated for each point in time. This was done in parallel with the
height-growth measurements described below. The surface porewater of each plot was sampled using soil mois-
ture samplers (Rhizon, Eijkelkamp, Holland) placed in peat acrotelm (5 cm depth), and vacuumed bottles (—0.7
bar). The samples were taken just before N addition and were analyzed for DOC (dissolved organic C), pH, total
N and P, and major cations and anions following standard protocols [31]. DOC was calculated as total C (meas-
ured by NDIR following oxidation) minus inorganic C (measured by NDIR following mineralization by H,PO,).
Nitrate was measured with an HPLC by means of separation on an ion exchange column and detection with re-
fractive index. Ammonium and sulphate were measured colourimetrically. Total N, chloride, and aluminium
were measured using an elemental analyzer. Sodium and potassium were measured by flame emission spectros-
copy. Calcium, magnesium, and iron were measured on an atomic absorption spectroscopy.
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2.4. Handling Methods: Cut and Uncut Plants

We performed the same growth-measurements on both, cut and uncut plants taken from the same plots. Firstly,
for the cut plant method, a cylindrical moss carpet core was extracted from each plot using a burger cylinder (&
=10 cm). Plants were cut at 50 mm below the Sphagnum capitulum carpet and 60 mm below the Polytrichum
apex. Twenty plants for each species were randomly taken out of the cylinder’s centre and assembled in a close
to natural mosaic pattern around miniature bottlebrush (the hairy part being anchored in the moss carpet, the
metallic wire sticking out) with Polytrichum tips extending 10 mm above the Sphagnum capitula, as this corre-
sponded to the average height difference between the two species measured in the previous year. The assem-
blage was gently tied up in a bundle with a fine visible thread and put back in the cylinder’s centre among the
other plants cut at the same height. The whole cylinder was reinserted into the plots. For the uncut plants, we
only introduced a bottlebrush in the moss carpet, using a narrow tube to bring the brush into place. The intro-
duction of a bottlebrush helps anchoring the wire in the moss carpet and corresponds to a modified version of
the cranked-wire method [21] [26]. In the text we will still refer to it as the cranked-wire method.

2.5. Growth-Measurement Variables

Three growth-measurements were done in parallel:

1) Height-growth (HG): we determined it for both species five times throughout the growing season by meas-
uring the length of the bottlebrush wire emerging above the mosses. The measurements were made on both cut
and the uncut plants.

2) Length-growth (LG): at the end of the season, the bundle of cut plants (LG-cut) assembled around the bot-
tlebrush was detached from the moss carpet. The plants were then flattened out to determine the final length-
growth and subtracting the initial length (50 and 60 mm respectively for Sphagnum and Polytrichum) for each of
the 20 plants.

For the uncut plants (LG-uncut), a 7-cm diameter, and 15-cm long core was taken around each bottlebrush.
The cores were then cut into slices as follows. The 0 level was defined for both mosses as the top of Sphagnum
capitula. i) We first cut the top centimetre of the Sphagnum mosses together with any other plants (0 - 1 cm sec-
tions). Since Polytrichum mosses grew taller than Sphagnum, this section represented one centimetre for
Sphagnum, but more (1.1 - 6.6 cm) for Polytrichum. ii) We cut each core 2 cm lower (1 - 3 cm sections). Indi-
vidual plant biomass measurements represent averages over 10 plants for each core. Because the uncut plants
were kept intact and without reference mark (thread or clipping), the length-growth of the uncut plants
(LG-uncut) was calculated as follows:

Length-growth [mm] = HG *SL/AL )

where: HG = height-growth measured as described above; SL = average length of 10 stretched moss segments
measured at final harvest, and AL = actual length (un-stretched, i.e. either 1-cm or 2-cm).

3) Mass-growth (MG): for cut Sphagnum (MG-cut) plants it was measured using a capitulum correction [26]
that was applied to the plants in the cranked-wire bundle. The procedure takes into account the capitulum weight
variability and its relation to annual growth. The regression slope between capitulum and stem weights neces-
sary to extrapolate the initial capitulum weight was determined on 200 Sphagnum plants of variable sizes sam-
pled on the two experimental sites outside the plots. The mass-growth is calculated by subtracting from the final
mass of the portion from the tip to clipping the initial mass extrapolated from a 2 cm long stem segment.

Mass-growth [g] =M, - M, 2

where M; = mass of final portion from the top of the capitulum to the cut; M; = initial mass calculated from 2 cm
stem segment using the regression slope between capitulum and stem weights.

Mass-growth of the uncut Sphagnum (MG-uncut) was calculated by multiplying the total length increment
(LG) by the average biomass per unit length (sections 0 - 1 cm and 1 - 3 cm together) of 10 plants.

For both cut and uncut handling methods, we calculated the mass-growth of Polytrichum by multiplying the
total length increment (LG) by the average biomass per unit length in the top three centimetres.

We calculated, for both handling methods, the growth difference (AMG, ALG and AHG) between the two
moss species by subtracting Sphagnum growth from Polytrichum growth, for cut and uncut plants. This was
important as we expected the phenology of Polytrichum interacting with the phenology of Sphagnum.
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2.6. Numerical Analyses

Distributions, homogeneity and homeoscedacity of residuals were checked using QQ-plots and scatter-plots for
all statistical models. Remaining patterns in the residuals were removed by adding interactions among variables.
Three ANOVA models have been used:

1) Comparisons of WTD and porewater chemistry variables between treatment sites were analysed with a
one-way ANOVA after removal of three outliers based on cook distances.

2) HG, AHG and growth-rates of the cut plants (Figure 1) were analysed using a two-way (treatment, time,
CWTD as covariate, treatment x time) repeated measures analysis of co-variance (RM-ANCOVA, Table 2)
with contrast tests for specific points in time.

18] —co, S. fallax — N P. strictum
16
14
12
10

Height growth (HG) (mm)

(= S )

40|  m—CO, S. fallax ° —_— N P. strictum

35| ===AR _
30 ¢

Height growth (HG) (mm)
[y}
(=}

18] m=m=AR

H(Poly.) — H(Sph.) (mm)
=

DH =

@ P. strictum and S. fallax @ P. strictum and S. fallax

(7) c effect on height diff. (AH) (8) N* effect on height diff. (AH)

— AH — AH

—_O = N W R LN

'
NS}

AH(C*/N*) — AH(C/N, (mm)

'
w

A M J J A S O N|JA M J J A S O N

Figure 1. Height-growth (HG) for both species in function of both treatments and time. The measures were done on cut
plants. (1)-(4): height-growth HG, (5) (6): height-difference AH between Polytrichum strictum and Sphagnum fallax, (7) (8):
AH (=AHGQ) difference between treatment and control, for example AH (CO,) — AH (AIR).
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3) A two-way analysis of co-variance (ANCOVA) was used for all growth-variables and for HG measured at
the time of final harvest (treatment, WTD as covariate). The tests were performed using S-plus 4.5 (Insightful
Corporation, Seattle, USA). The results are expressed in least square means to extract the “net” means after cor-
recting for unwanted variance attributed to other factors. Because of the limited amount of replicates we could
not insert handling, methods, treatments and covariates in the same analysis of variance. Instead we privileged to
look at the correlations between the methods after the retrieval of the covariate effects. Additionally, the
Cranked wire method enabled to make repeated measurements of the synecological growth of both species,
which altogether added a lot of information as well as some complexity to our approach.

Treatment effects mentioned in the text in percent are significant (P < 0.05), unless explicitly described as
trends (0.05 < P < 0.1). The different growth-measurement methods were compared using partial pair wise cor-
relations (Pearson) after retrieving the variance of the WTD in a principal component analyse (PCA) performed
with the JMP/SAS software 8.0 (SAS Institute, Cary, USA).

3. Results
3.1. Water Chemistry

Both elevated CO, and N addition modified some chemical characteristics of the surface water. Elevated CO,
caused an increase in pH (5.6 vs. 5.2 in the control plots), NH, (+82%), dissolved inorganic nitrogen or DIN
(+67%), AI** (+55%), and a decrease in K* (—42%) and P (—36%, trend: P = 0.06) (Table 1(a)). N addition de-
creased pH (5.5 versus 5.9), P (—33%), Fe** (-52%) and Mg (—38%) (Table 1(b)).

3.2. Water Table Effect

No significant difference was observed for the median WTD in either of the treatments (on average 273 + 15
mm). The interactions between treatments and WTD of both experimental sites were not significant and did not
improve the distribution patterns in residues and were not included into ANCOVA models. The WTD repre-
sented on average 37% of the explained variance for both species over all treatments.

3.3. Moss-Growth as Assessed by the Two Handling Methods

The growth dynamics of uncut plants have already been published by [21] for the same species growing on the
same plots and at the same time. In terms of height-growth (HG-uncut) dynamics, the two treatments had con-
trasting effects on competition between the initial coloniser Polytrichum, which was favoured by the N addition
and the later coloniser Sphagnum, which was favoured by the elevated CO, treatment.

We focus next on the difference in treatment effects as assessed using the two handling methods. The HG,
AHG, LG, ALG, MG and AMG of uncut plants, after having retrieved the WTD effect, are compared with cor-
responding data from cut plants to determine to what extent these two methods affected the results (i.e. “bias” in
Table 2).

We assessed to what extent cutting plants affected the results by calculating a percentage difference between
measurements on cut and uncut plants. Cutting the plants in most cases strongly reduced the measured values for
growth and in several cases this causes a bias in the results (Table 2). There were two exceptions with Sphag-
num and Polytrichum (only in the Ny plots) mass-growths, which actually increased due to cutting. The cutting
negative effects were always more pronounced in treatment plots as compared to controls plots (one exception
for the MG in the CO, treatment).

For the elevated CO, treatment, in four of the nine cases (AHG, Polytrichum LG, ALG, and Polytrichum MG)
the results differed leading to a “handling bias”, i.e. a significant negative treatment effect was observed for the
uncut method but not for the cut method (Figure 2). In three cases no significant treatment effect was observed
at all, for Sphagnum HG a significant negative effect was observed using both methods. Finally Polytrichum HG
of uncut plants was significantly reduced by 32% and a marginally significantly by 27% difference for cut
plants.

In the N addition experiment, in four cases a possible handling bias could not be assessed because as a result
of N addition the Sphagnum mosses became too fragile to allow any manipulation. Of the five remaining cases,
a bias was found in three cases (HG of both species and Polytrichum LG) with significant negative treatment
effect using only the cut plant method. In one case (AHG) both method revealed a significant positive treatment
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Table 1. ANOVA summary table showing surface porewater chemical responses to treatments; values represent means + S.E.
(standard error) and are expressed in mg/L except for pH; the sum of cations and anions is not balanced ionically; N (AIR or
CO, or N" or Np) = 5; e.g. %CO, = percent CO, treatment effect, only shown when the effect is significant; DIN = dissolved
inorganic nitrogen; DOC = dissolved organic carbon; for more readability the significant water table factor (WTD) is not in-
cluded in this table.

(a)
Treatment: added CO, (df = 1)
AIR +S.E. CO; +S.E. %CO, F-value P-value
DOC 36.15 2.303 34.046 1.577 - 0.57 n.s.
Total N 0.824 0.031 0.74 0.074 - 1.09 n.s.
DIN 0.072 0.009 0.12 0.01 67 12.52 0.01
NH; 0.066 0.01 0.12 0.021 82 5.54 0.05
NO, 0.098 0.01 0.126 0.047 - 0.33 n.s.
p 0.031 0.004 0.02 0.009 -36 4.90 0.06
ClI 1.096 0.019 1.152 0.087 - 0.40 n.s.
S0 1.1 0.156 0.938 0.166 - 0.51 n.s.
Ca** 2.33 0.256 2.312 0.366 - 0.00 n.s.
Mg** 0.226 0.012 0.214 0.046 - 0.07 n.s.
Na* 0.58 0.018 0.612 0.082 - 0.15 n.s.
K* 0.765 0.145 0.441 0.105 —42 6.34 0.05
Fe 0.666 0.221 0.688 0.135 - 0.02 n.s.
AP 0.088 0.012 0.136 0.012 55 8.23 0.02
pH 5.15 0.133 5.55 0.154 8 19.40 0.01
(b)
Treatment: added N (df = 1)
No EESTES N* EESTES %N* F-value P-value
DOC 35.572 3.14 35.51 1.222 - <0.001 ns.
Total N 0.95 0.098 0.968 0.117 - 0.01 ns.
DIN 0.144 0.045 0.17 0.063 - 0.11 n.s.
NH; 0.13 0.029 0.118 0.038 - 0.06 ns.
NO; 0.196 0.099 0.3 0.198 - 0.22 n.s.
P 0.048 0.005 0.032 0.006 -33 5.55 0.04
ClI 1.354 0.185 1.518 0.344 - 0.18 n.s.
SOi 2.068 0.468 1.602 0.525 - 0.44 n.s.
ca® 4.86 1.211 3.738 0.874 - 0.57 n.s.
Mg* 0.32 0.031 0.2 0.142 -38 9.30 0.02
Na* 0.68 0.032 0.658 0.083 - 0.06 ns.
K* 0.222 0.031 0.35 0.136 - 0.84 n.s.
Fe* 1.79 0.364 0.852 0.121 -52 5.99 0.04
AP 0.2 0.025 0.15 0.017 - 3.68 n.s.
pH 5.89 0.149 5.48 0.218 -7 6.47 0.05
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Table 2. ANOVA summary table showing least square means and effects of treatments on Polytrichum strictum and Sphag-
num fallax growth measured with various growth-variables and methods (cut and uncut); HG = height-growth, AHG =
height-growth difference between P. strictum and S. fallax, LG = length-growth, ALG = length-growth difference, MG =
mass-growth, AMG = mass-growth difference; %CO, and %N" are the percentage treatment effects; “Bias” indicates cases
where treatment effects as measured by the two methods are either similar (i.e. positive, negative or no effect: “no”) or dif-
ferent (i.e. either both significant but of opposite effects or only one significant: “yes”). Percentage difference “Acut-uncut”
indicates the effect of cutting plants on growth-measurements: (cut-uncut)/cut in %; n.a. = not applicable, n.d. = not deter-
mined; N (AIR or CO, or N* or No) = 5; for more readability the overall significant water table depth (WTD) factor is not
shown here.

; Treatment: added CO, (df = 1) Treatment: added N (df = 1)
Variable .
(unit) Species Method
AIR CO, %CO, F-value P-value Bias N, N' 9%N* F-value P-value Bias
Cut 136 100 -27% 3.6 0.07 185 104 -44% 4.2 0.05
Polytrichum No Yes
HG?* (mm) Uncut 463 313 -32% 132  0.001 257 314 22% 2.2 ns.
ACutUnCUt 719, _ggos —28% —~67%
(%)
Cut 84 48 —43% 6.0 0.02 165 6.1 -63% 52 0.03
Sphagnum No Yes
Uncut 351 269 -23% 45 0.04 222 247 1% 11 n.s.
ACutuneut g0, _goo4 —~26% ~75%
(%)
Cut 50 5.2 3% 15 n.s. 20 38 88% 89 0.006
AHG?® (mm) Polytr.-Sphagnum Yes No
Uncut 88 45 -49% 51 0.03 34 67 9% 42 0.05
Cut 133 120 -10% 3.1 n.s. 176 111 -37% 275 <0.001
Polytrichum Yes Yes
LG (mm) Uncut 546 374 -32% 136  0.005 278 341 23% 3.1 ns.
ACutUneUt 760, _ggos —37% —67%
(%)
Cut 146 124 -15% 3.2 n.s. Plants too fragile to handle
Sphagnum No n.d.
Uncut 378 321 -15% 31 n.s. 240 269 12% 0.7 n.s.
ACut-uncut o, g
%) 62% —61% na. na
Cut 15 08 -45% 2.8 n.s. Yes Plants too fragile to handle
ALG (mm) Polytr.-Sphagnum n.d.
Uncut 102 53 -48% 3.9 0.08 39 73 8% 3.0 ns.
Cut 55 52 5% 3.8 n.s. 68 28 -58% 16 ns.
Polytrichum Yes No
MG (mg) Uncut 114 84 -27% 185  0.002 63 59 -5% 06 ns.
ACutUNCUt g, 3804 8% —53%
(%)
Cut 6.7 82 22% 23 n.s. Plants too fragile to handle
Sphagnum No n.d.
Uncut 64 60 -T% 1.8 n.s. 42 51 21% 24 n.s.
ACut-uncut | 0
%) 4%  36% na. na
Cut -0.6 -2.7 338% 1.7 ns. Plants too fragile to handle
AMG (mg) Polytr.-Sphagnum No n.d.
Uncut 42 24 —AM% 27 n.s. 21 15 -25% 31 n.s.

Analyses were made with cranked-wire data measured at the time of final harvest.

effect and in the last case no significant effect was observed.

Thus overall in half of the cases the same results would be obtained regardless of the method used, but in the
other half different conclusions would be reached. In the CO, treatment, whenever a handling bias was observed,
the treatment effect was less marked (and non-significant) for the cut plants. In contrast, in the N addition ex-
periment, wherever a bias was observed cut plants were clearly negatively affected (they grew less) while the
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growth of uncut plants was not significantly affected (but they tended to grow better). These plants also became
too fragile to be handled thus making it impossible to estimating length- and mass-growth.
3.4. Pairwise Correlations

For Polytrichum, in the CO, enrichment experiment, LG and HG were correlated for both, cut and uncut meth-
ods and MG-cut was correlated to LG-cut (Figure 2). In the control plots, MG-cut was positively correlated to

Pairwise correlation Polytrichum

Variable Treatment HG (cut) LG (cut) MG (cut) HG (uncut) LG (uncut) MG (uncut)

HG (cut) CO, 1.000 - - - - -
AR 1.000 - - - -
LG (cut) CO, 0.867 1.000 - - - -
AIR 0.944 1.000 - -
MG (cut) CO, 0.720 0.928 1.000 - - -
AIR 0.891 0.967 1.000 - -
HG (uncut) CO, -0.640 -0.672 -0.681 1.000 - -
AIR 0.486 0.274 0.122 1.000 - -
LG (uncut) CO, -0.577 -0.713 -0.746 0.979 1.000 -
AR 0.458 0.226 0.081 0.997 1.000 -
MG (uncut) CO, -0.928 -0.791 -0.595 0.777 0.707 1.000
AIR 0.351 0.213 0.174 0.874 0.869 1.000
Variable Treatment HG (cut) LG (cut) MG (cut) HG (uncut) LG (uncut) MG (uncut)
HG (cut) N* 1.000 - - - - -
Ny 1.000 - - - - -
LG (cut) N* 0.980 1.000 - - - -
N 0.920 1.000 - - - -
MG (cut) N* 0.935 0.987 1.000 - - -
Ng 0.912 0.999 1.000 - - -
HG (uncut) N* 0.716 0.663 0.610 1.000 - -
Ny 0.916 0.707 0.690 1.000 - -
LG (uncut) N* 0.729 0.686 0.639 0.999 1.000 -
N, 0.931 0.738 0.717 0.993 1.000 -
MG (uncut) N* 0.411 0.361 0.319 0.930 0.924 1.000
N, 0.983 0.875 0.873 0.931 0.924 1.000

Pairwise correlation Sphagnum

Variable Treatment HG (cut) LG (cut) MG (cut) HG (uncut) LG (uncut) MG (uncut)

HG (cut) CO, 1.000 - - - - -
AIR 1.000 - - -

LG (cut) CO, 0.372 1.000 - - - -
AIR 0.002 1.000 - - - -

MG (cut) CO, 0.225 0.988 1.000 - - -
AIR 0.655 0.419 1.000 - - -

HG (uncut) CO, -0.766 0.015 0.122 1.000 - -
AIR 0.430 -0.540 0.452 1.000 - -

LG (uncut) CO, -0.756 0.030 0.136 0.999 1.000 -
AIR 0.397 -0.530 0.469 0.997 1.000 -

MG (uncut) CO, -0.254 0.291 0.317 0.814 0.822 1.000
AIR 0.194 -0.442 -0.091 0.601 0.543 1.000

Variable Treatment HG (cut) LG (cut) MG (cut) HG (uncut) LG (uncut) MG (uncut)

HG (cut) N* 1.000 - - - - -
Ng 1.000 - - - - -
LG (cut) N* n.d. 1.000 - - - -
N n.d. 1.000 - - - -
MG (cut) N* n.d. n.d. 1.000 - - -
N, n.d. n.d. 1.000 - - -
HG (uncut) N* 0.727 n.d. nd. 1.000 - -
N, 0.311 n.d. n.d. 1.000 - -
LG (uncut) N* 0.737 n.d. n.d. 0.992 1.000 -
No 0.316 n.d. n.d. 0.995 1.000 -
MG (uncut) N* 0.611 nd. n.d. 0.825 0.859 1.000
N, 0.351 n.d. n.d. 0.962 0.972 1.000

Figure 2. Pairwise linear correlations (Pearson) between growth-variables and handling methods, for Polytrichum strictum
(N = 5) and for Sphagnum fallax (N = 5). HG = height-growth, LG = length-growth, MG = mass-growth. Values in italics
represent correlations for the control plots. Values in bold represent significant correlations (P < 0.05). Shaded cells
represent paired correlations that are significant within both, treated and control plots.
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HG-cut, while in treated plots MG-uncut was negatively correlated to the HG-cut. In the N enrichment experi-
ment, HG, LG and MG are all positively correlated within either the cut or the uncut method (Figure 2). Fur-
thermore, only the HG-cut of control plots (N) are correlated with the HG-uncut, LG-uncut and MG-uncut.

For Sphagnum, in the CO, enrichment experiment, the only significant correlations were a positive correlation
between HG-uncut and the LG-uncut (Figure 2), and a positive correlation between MG-cut and LG-cut of
treated plots. In the N enrichment experiment, most of the cut Sphagnum plants were too fragile to do measure-
ments (Figure 2). Only the HG-uncut, LG-uncut and MG-uncut data can be used. LG-uncut is correlated to both
HG-uncut and MG-uncut, and MG-uncut is only correlated to HG-uncut in the control plots.

3.5. Seasonal Growth Patterns of Cut Plants

No significant cross-effect between treatments and time was observed for the HG of either species using the cut
plant methods (Figures 1(1)-(4)).

The two experiments had contrasting effects on AHG both overall and in the seasonal pattern: In CO, treated
plots, AHG remained below that of the control plots until the beginning of September after which it was en-
hanced by the treatment (Figure 1(5) and Figure 1(7)). By contrast, N addition did not affect AHG until the be-
ginning of September, after which it was significantly enhanced by the treatment (Figure 1(6) and Figure 1(8)).
In the end, N addition enhanced AHG (+89%, P = 0.006).

Sphagnum had two growths period in the control plots. The first period of growth occurred from spring until
mid-July and the second after the beginning of September until the end of the season. By contrast the growth of
Polytrichum, was unimodal and lasted from spring until mid-July.

Overall, the growth-rate of Sphagnum was inhibited (=56%, P = 0.007) by the CO, treatment, reaching a
maximum difference by mid-July followed by an inhibition stop after the beginning of September. Whilst the
growth-rate of CO, treated Polytrichum was initially less than that of the control, after the beginning of Sep-
tember it suddenly increased.

N addition significantly reduced the growth-rate of Sphagnum in September, while the growth-rate of Poly-
trichum was not significantly affected.

4. Discussion
4.1. Effects of Handling on Moss-Growth Measurements

Ideally, different handling methods should yield identical results for a given species in a given environment. If
all measurements are systematically modified by the same handling method but that this does not affect the re-
sults of manipulative experiments or comparisons among species then such a bias may be tolerable. However, if
a handling method affects some species, and/or if there is an interaction between the handling and the treatment
(e.g. climate change conditions) that effect the growth-measurement then this will make comparisons among
studies completely irrelevant. Our data show that such a problem indeed exists between the cut and uncut han-
dling methods (Table 2). Not only do the results differ in absolute terms by as much as 82% but the interpreta-
tion of results depends on the handling method—and thus the interpretation would be biased—in half of the
cases. These results call for caution when comparing studies based on different handling methods.

In general, while the cut plants handling method is straightforward and very precise; it remains an intrusive
method [26] [32]. If the water table drops below the cutting level, as it did in our case, the resulting physical
separation may significantly reduce the health of the plants [26].

4.2. “Benchmarking” of Growth-Variables

It would be useful to rely on a single, quick and easy method to obtain reliable growth data. We compared si-
multaneously three growth-variables both, in terms of absolute value and in terms of correspondence (correla-
tions).

With respect to absolute values, our data show that growth, measured using the height-growth method, is un-
derestimated by 7.2% to 16.4% for Sphagnum and by 7.8% to 16.3% for Polytrichum relative to length-growth
(Table 2). This is in accordance with another experiment performed by [33] who showed that Sphagnum plants
measured with the cranked-wire method (i.e. height-growth) were underestimating growth by 10% - 20% in
comparison to the *C labelling method (i.e. length-growth). A more recent study shows that the cranked-wire
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method was inaccurate because of the water movements and the freeze-thaw cycles [43].

With respect to correspondence, our results show that all variables correlate fairly well but that discrepancies
depend on plant species and, to a lesser extent, to CO, or N experiment (Figure 2). Overall 88% (21/24) of cor-
relations within handling methods were significant for Polytrichum but only 44% (8 out of the possible 18) for
Sphagnum. Between cut and uncut handling methods these values dropped to 8% for Polytrichum (3/36) and 0%
for Sphaghum. These results show that a single growth-variable is in most cases sufficient for Polytrichum but
that this is not the case for Sphagnum. For Sphagnum, the uncut approach, height- and length-growth are in all
cases correlated and length-growth was correlated to mass-growth only in the N addition experiment. It follows
that if a single growth-measurement should be chosen to measure the growth of Sphagnum, then length-growth
would be the best choice. Length-growth would also be the best variable to estimate the growth of Polytrichum,
being in all cases significantly correlated to height-growth and in all but one case to mass-growth.

Even though the cranked-wire method can underestimate growth because of the sinuous growth of Sphagnum
it remains the most applicable and less intrusive method for measuring growth-dynamics, competition and
phenology simultaneously. Reference [34] qualifies this method as most reliable for increments smaller than 2
cm when used for Sphagnum.

4.3. Elevated CO; Effects

The height-growth of both moss species was inhibited by the CO, treatment (Table 2), while the length-growth
and mass-growth were only reduced for Polytrichum. This suggests that CO, treatment changed the habitus of
the plants and/or increased the linear mass density of the plants. This is in accordance with [14] who showed an
increased capitulum density and [13] who concomitantly found an increased stem density for various Sphagnum
species. However, in our study, as the subsequently analysed mass-to-length ratio of Sphagnum did not change
between treatment and control plots the effect is more likely due to a more sinuous growth.

In terms of growth-competition between the two species, during spring and summer, the height-growth dif-
ference of CO, treated and cut plants was below that shown in the control because Polytrichum’s initial growth-
rate was not as high as for control plants (Figure 1(5)). After September, this height-growth difference became
higher than in the control because treated Sphagnum did not experience the growth-rate peak by mid-July as did
the control ones. The fact that by September Polytrichum’s final growth-rate was higher than the control, while
Sphagnum’s growth-rate remained unchanged, kept the height-growth difference of treated cut plants above that
of control plots (Figure 1(7)). In the end, these growth-inhibitions were less strong for Sphaghum and reduced
the difference in height between the two species.

Given the lack of data published on Polytrichum and these two species in interaction, we must compare our
results with work done on various Sphagnum species. For example, in a phytotron CO, enrichment experiment,
[14] found a negative effect on length-growth and no effect on mass-growth for S. balticum (hollow species),
and no effect on length-growth but a positive effect on mass-growth for S. papillosum (low hummock species).
Earlier, [13] found a negative effect on length-gowth but no effect on mass-growth of S. fuscum (hummock spe-
cies). The following year, he found no effect on height-growth or mass-growth of S. fuscum and S. magellani-
cum (lawn or low hummock species). Our literature review (Table A1) supports the idea that among Sphagnum,
strategies for using CO, may well be species-specific, as proposed by [13].

There may be several reasons for the height-growth inhibition of both species under CO, treatment:

1) Under elevated CO,, nutrient uptake could not keep pace with the triggered photosynthesis, leading to
sub-optimal nutrient availability preventing the transfer of additionally fixed carbon (TNC and starch) to pro-
duction of structural tissue. Lacking roots, bryophytes cannot increase nutrient foraging and may not benefit
from elevated CO, in terms of structural growth.

2) The 82% higher ammonium concentrations in treated plots might have inhibited growth [10] [12] [35] [36].
Ammonium concentration in treated plots is half of that found in very polluted areas of the South Pennine, UK
(17.2 pM) and about 10 times greater than unpolluted (<1 pM) surface mire water in North Wales [37]. The pH
shows that pattern. Furthermore, Sphagnum HG-cut was negatively correlated with DIN (r? = 0.612, P = 0.01)
and ammonium (r? = 0.418, P = 0.04) (Figure 3).

3) AI* ion concentration was 55% higher in treated plots, however no linear correlation was found between
height-growth and AI®** that would attest potential growth inhibition due to toxic effects of AI** as originally

proposed by [9].
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Figure 3. Linear regression between Sphagnum fallax height-growth of cut plants (HG-cut) and dissolved inorganic
nitrogen (DIN) or ammonium ( NHj ) concentrations in mg/L; N = 10; plain circles = elevated CO,, empty circles =
ambient air.

4.4. N Addition Effects

N addition reduced Sphagnum (—63%) height-growth more than Polytrichum (—43%), the height-growth differ-
ence (AHG) therefore increased (Table 2). After the beginning of September, Sphagnum were increasingly more
affected by the treatment and could not keep pace with Polytrichum, which benefited from a less reduced
growth-rate in mid-July compared to Sphagnum (Figure 1(8)). N addition also caused Sphagnum plants to grow
weaker making mass-growths measurements all but impossible.

Cutting the plants added inhibitory effects that were not present for the uncut plants. Comparatively, Twen-
héven [12] found a positive N treatment effect on mass-growth of Sphagnum in hollows and no effect in hum-
mocks (Table A1) with cut plants. Similarly, using uncut plants, [11] found different N effects on height-
growth and mass-growth depending on whether Sphagnum was growing on N-rich or N-poor sites. Other studies
showed an inhibition of mass-growth or cover for S. fallax with ammonium and/or nitrate [9] [10]. This was also
the case for P. strictum [23]. Although the picture seems contrasted, it appears from our review that the some-
what higher inorganic N additions, although close to optimal concentrations, lead to positive effects on either
length-growth or height-growth, whereas supra-optimal ones lead to inhibitions.

There may be several reasons for the height-growth inhibition of both species under N addition:

1) N addition could P- or K-limit instead of N-limit plant productivity [11] [16] [17]. In our case, P concen-
trations were low (N*: 0.032, No: 0.048 mg/L) and comparable to unpolluted ombrotrophic Sphagnum bogs in
northern Finland [0.047 mg/L; 38]. The significant P reduction (—33%) under enhanced N as well as the lower
P/N ratio in treated plots compared to control plots (N*: 0.033; Ng: 0.051) could be a first indication for potential
P-limiting conditions. This is confirmed by a parallel study on our site that showed that Sphagnum was jointly P-
and K-limited [16], and therefore cutting of plants might have limited growth even further through chemical
disconnection from the lower peat parts.

2) N addition might have been immobilised after application by other plants [39] or microbes [40]. However,
this would not explain the lack of growth-inhibitions for uncut plants.

3) N addition as a 1:1 (mole/mole) NH,NO; mixture might decrease soil pH [41] leading to decreased ex-
changeable cations (Ca®*, Mg*"), and increase NH; and NO, leaching [42]. The lower Mg*" concentrations
in treated plots may indicate that such processes are occurring. However, given the tolerance of Sphagnum for
pH < 3[10] a direct effect of pH is unlikely.

5. Conclusions

Growth-measurements involving initial cutting of the moss shoots (still widely applied) should be avoided as
they have a strong potential to induce bias in the conclusions of studies. From the present study we can also
recommend that for Polytrichum, it is preferable not to use “capitulum correction” (MG) together with enhanced
N experiments. For Sphagnum, it is essential to use uncut plants together with a length-growth measurement in



A. Siegenthaler et al.

both treatments. It follows that if a single growth-measurement should be chosen to measure the growth of
Sphagnum, then length-growth would be the best choice. Length-growth would also be the best variable to esti-
mate the growth of Polytrichum, being in all cases significantly correlated to height-growth and in all but one
case to mass-growth.

Investigating the various growth responses as a function of exactly the same set of treatments helped us to in-
vestigate more sharply how the handling methods and the selected growth variables interacted with the treat-
ments. Discussing the ecological aspects around those growth responses in parallel to the methodological as-
pects adds a lot of information and enables to qualify the nature of the methodological biases. For example, the
somewhat typical nutrient-dilutions found in enhanced N plots may become even more important if cut plants
methods are being used. Furthermore, the sinuous growth of mosses under elevated CO, may warn the research-
ers not use of the straightforward “cranked wire” together with averaged stem densities to estimate the biomass
production.

Finally, we recommend moss ecologists to be very cautious when selecting a growth-measurement method for
their factorial experiments, as interactions exist between the method and the treatment, and do matter. This also
applies for meta-analyses that aim to summarize production values studied under specific treatments and gath-
ered from various sources.
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Appendix

Table Al. Online resource. Non-exhaustive 40 years’ review of relevant studies concerning the growth of Sphagnum sp. and Poly-
trichum sp. under elevated atmospheric CO, or/and enhanced mineral N deposition (N*). WTD = water table depth, HG = height-
growth, LG = length-growth, MG = mass-growth, NPP = net primary production, P/B = production-to-biomass ratio; the “+, —, 0”
signs placed in front of a growth-variable inform on the treatment effect on that variable; n.d. = not determined; cut = plants were cut
and inserted into surrounding vegetation, uncut = plants were only harvested at the end of the growing season and the time was
time-marked without cutting.

CO,
treatment

DWT

i
N effect WTD effect

Moss species  Conditions Options CO;, effect N* treatment Duration Remarks Author(s)

Sphaghum
fallax and
Polytrichum
strictum

1) Uncut plants  360/560

Field and 2) cut plants ~ ppm

Sphaghum

fuscum Field Uncut plants n.d.

Sphaghum
fuscum,
Sphagnum
balticum,
Sphaghum
magellanicum
and Sphagnum
cuspidatum

Uncut plants,

although taken
out of their nd.
environment
(5 m depth)

Greenhouse

Ambient/
ambient
+235 ppm

Sphaghum
sp. &S. Field
subnitens

Uncut plants

Cut plants

(greenhouse),

HG (cranked
Fieldand  wire technique),
greenhouse  Abundance and

extrapolated

MG

(point-quadrat)

Sphaghum
palustre, S.
recurvum and
Polytrichum
commune

Ambient/
ambient
+200 ppm

Uncut plants.
Cranked wire for
HG, bulk
densities of nd.
sections,
point-quadrat for
cover and NPP

Sphagnum sp. Field

700/420
ppm

Spahghum

reenh
recurvum Greenhouse

Cut plants

(Sphagnum recurvum, field);

1) Uncut: 0 HG, 0
LG, 0 MG
(Sphagnum); 0
HG,0LG, 0 MG
(Polytrichum);
2) Cut: —HG,
LG =nd.,
MG =n.d.
(Sphagnum);
-HG, -LG, 0MG
(Polytrichum)

1) Uncut: -HG, 0 LG,
0 MG (Sphagnum); —HG,
—LG, -MG (Polytrichum); 0/3
2) Cut: ~HG, 0 LG, 0 MG g'N'm 2yr?
(Sphagnum); 0 HG, 0 LG,
OMG (Polytrichum)

Higher
emissions in N
and S but no
nd. significant
differences
measured the
immissions

0HG, 0 MG, 0
NPP

Together with
elevated
temperatures
(+4.2°C): —HG,
-MG, —-NPP

0/4

n.d. g‘N‘m’z‘yr’1

—Cover (39%) but +total
biomass (115%)

+HG (<1 year)
and ~HG
(=1 year)
(Sphagnum, greenhouse);
MG nd. nd.
0MG
(Polytrichum, field)

N(40
kgha tyt)
and/or P
(B kghaty™)

nd.

+MG nd. nd. nd.

272 - 290 mm

Varying
between 0.5 m
and 1m

Atrtificially
maintained at
-1lcm

18-23cm
(field); 4 cm
(greehouse)

HG, -MG, -NPP nd.

Included into
the models 245 days

Included into
the models

Included into
the models

3cmin control, Not included

5cmineCO, inthe model

-MG
(Sphagnum);
0MG

(Polytrichum)

nd.

nd.

4 years

2
growing
seasons

3 years

3 years

4 years

nd.

The two treatment
effects were
tested on the three
growth responses of
both species with
uncut and cut
options. The aim
is to test the validity
and growth
responses under
specific
treatments
using different
methods.

Present work

The biomass is

calculated from
height increment

using “cranked  Wieder et al.
wires” and the 2010
specific bulk
density for
Sphagnum fuscum.

The biomass is
calculated from
height increment
using “Cranked
wires” and
the average
(non-specific)
bulk density.

Breeuwer
et al. 2009

Shift in plant
community
from Sphagnum
spp. to vascular
species, through a
decline in
S. subnitens Fenner et al.
cover (39%) 2007
and an increase
in J. effusus
cover (40%),
and 115%
total biomass
increase.

Greenhouse:
Sphagnum growth
was stimulated by

elevated CO2 in the
short term, longer
term (=1 year) growth
was probably
inhibited by low water
tables and/or
downregulation
of photosynthesis.
In the field only
réduction of
abundance for
S. recurvum.

Toetetal.
2006

N addition
depressed
Sphaghum
HG at four
sites and reduced
Sphagnhum and
NPP at two sites.
P alleviates the
negative impact N
has on Sphagnum.

Limpens
et al. 2004

Capitula dry weight ~ Hoorens
per pot for Sphagnum. et al. 2003
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Sphagnum fallax

and Polytrichum Field
strictum
Sphagnum sp. and
Polytrichum Field
strictum
. Mesocosm
S.magellanicum (greenhouse)
S.magellanicum Field
S. magellanicum Field/
glasshouse
S. balticum Lab
S. papilosum Lab
S. fallax Lab
S. magellanicum Field
S. fuscum Field
S. magellanicum
and S. fuscum Lab
S. fuscum Greenhouse
S. cuspidatum Lab
S. magellanicum .
and S. fallax Field
Sphagnum sp. Field
P. junipericum Lab

and P. piliferum

Uncut
plants

Uncut
plants

Uncut
plants

Uncut
plants

Cut plants

Cut plants

Cut plants

Cut plants

Uncut
plants

Uncut
plants

Cut plants

Uncut

plants

Cut plants

Cut plants

Uncut
plants

Cut plants

360/560 ppm

360/560 ppm

360/560 ppm

360/560 ppm

nd.

360/720 ppm

360/720 ppm

nd.

nd.

nd.

350/700 ppm

350/700/1000

ppm

nd.

nd.

nd.

0 HG and 0 MG
(Sphagnum);
—HG and 0 MG
(Polytrichum)

0 MG
(Sphagnum); 0
MG

(Polytrichum)

—HG,-MG

+HG; 0 MG

nd.

-LG; 0 MG

0LG; +MG

nd.
nd.
nd.

0 HG; 0 MG

-LG; 0 MG

nd.

nd.

nd.

0 HG and -MG
0/3 (Sphagnum); 0 HG
gN-m Zyrt and +MG
(Polytrichum)
0/3/5g N m2 —MG (Sphagnum);
) +cover
Y! (Polytrichum)
Nem 2
035 eNm™ o5 o mG
yr
0/3/5 gN'm 2 —HG (3rd year);
yrt -MG
NH;NO.
0110/30/100 0 MG globally for
kg/hala the 4 field sites
NHﬁg‘/ﬁglg/?’o 0LG; 0 MG
Mighaa | 0LGi+MG
nd. nd.
NH;NO; +MG at 10 kg but
0/10/30/100 MG at 30 and 100
kg/hala kg
NH,NO; 0/15
kg/ha/a dry _
except for one MG(NPP)
site
NH,NO;0/100 ..
kg/hala LG -MG
NH;NO.
100 kg: -LG, —HG;
0/}((;//3}‘](;/[?0 others: +LG, 0 MG

—LG in low-N site

NH; 0/0.1/1 and +LG in high-N

mM site both at 0.1 and
1mM

(NO; 59 M
. S. magellanicum: 0

*+ NHI 372 MG in hollows and
- —MG in hummocks;

HM) or (NO; S. fallax: +MG in
300 UM+ pollows and ~MG in

NH; 131 hummocks
uM)
+HG, +MG in
HH4NO; 20/40 N-low site and 0
kg/hala HG, 0 MG in
high-N site
NH; 0.234
Greater N retention
mg/l and and feedback to
NO, 0.400 biomass
mg/l

nd.

nd.

nd.

Atrtificially
maintained

7117137 cm

nd.

nd.

1-40cm

8.5to—1.5cm

variable

7cm

(S. magellanicum);
10 cm (S. fuscum)

10cm

nd.

nd.

The two treatments had
contrasting effects on
competition between the
initial coloniser Polytrichum Mitchell et

nd. 3 years strictum (favoured by high N) al. 2002
and the later coloniser
Sphagnum fallax
(favoured by high CO,).
P and K may have
nd nd prevented Sphagnum growth Hoosbeek et
e - increase under enhanced al. 2002
CO or N.
Elevated atmospheric CO,
had unexpected deleterious
effects on the growth of Heiimans
n.d. 2 years Sphagnum magellanicum, the 21002
dominant Sphagnum species.
Both treatments were
combined.
Peat monoliths were
excavated from Sphagnum i
nd.  3years lawns. The letters in () stand ezuorgins
for the greenhouse
experiement.
1 growing 4 field + 1 glasshouse Willams et
-MG .
season  experiments accross Europe.  al. 1999
CO,: more soluble sugars in van der
stems and capitula; N*: more o
n.d. P Heijden et
total organic N in stems and
. al. 1998
capitula.
CO,: more soluble sugars in
nd nd stems and capitula; N*: more :«i?jg;:
total organic N in stems and etal. 1998
capitula
Regeneration experiment;
. usage of cut plants; water .
fll\_/l% 15 weeks level = 9.5% variance; usage Ge:t;slvigglgr
of capitulum correction !
Clymo (1970).
. . +  Williams
N/P ratio reduced with N*, .
nd. 20 weeks probably P-deficient. and Silcock
1997
Moss growth was water
. limited; Neither Nnor P Thormann
(T\mg) 1 gggré:]ng limited and Bayley
aboveground NPP in fensand 1997
marshes.
70- 100 Indifferent sp. Lawn Jauhiainen
nd. days restricted, lowered etal. 1996
4 tolerance of increased N. and 1998
For LG 10 kg/ha/a and for
MG 30 kg/ha/a were found to
be the optimal loads. N/P  Jauhiainen
nd. 120 days ratios in capitula changed et al. 1994
with N*; stem mass incresed
with CO,.
NH; is the dominant
available N form, reduction Baxter et al.
nd. 5months of chloropyll content with 1992
NH; .
Effect dependent on
microtopography but Twenhéven
nd. 15weeks \\\- 193 M isinhibiting 1992
growth.
MG was done without
nd 5 months capitulum correction; S.  Aertsetal.
h balticum = low-N site and S. 1992
magellanicum = high-N site.
Two positive feedbacks of
moss ecosystem: 1) more
biomass, more retention,
nd. 12 hours more biomass; 2) more B%‘g‘fn

aboveground biomass, more
dry-N collection, more inputs,
more aboveground biomass.
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Simulated acid
S. fuscum, S. rain NO; 4.6 +HG;+MG or0 MG Rochfort and
magellanicumand S.  Field Uncut plants n.d. n.d. Ka/ha/a and but stabilisation n.d. nd. 2-4years  Short-term fertilisation effect. Bayley 1990
angustifolium 9 after 4th year ey
SOZ 18 kg/hala
. . NPK: 100 N, 43.6 L 30-50 Sedge/spruce-pine and Vaccinium  Jéppinen and
P. strictum Field Uncut plants nd. nd. P, 83 K kg/ha %coverage; —P/B om n.d. 2 years myrtillus swamps. Hotanen 1990
NH; for NH; +LGat

. 12.2/68/123 uM or 68 uM and —LG at 40-50 If pH < 3 it may inhibit Sphagnum  Austin and

S. fallax Field Cut plants nd. nd. NO, 123 1M; for NO, n.d. n.d. days growth; cut plants methods. Wieder 1987
5.2/109/213 pM 0LG
S. magellanicum Lab Cut plants nd. nd. NH; >95uM -LG; -MG nd. nd. - NH;_inhibited photosynthesis and Fiyd'mtprQaS%d
nitrate reductase activity. 0ig
NH; depressed growth more than Press et al
S. cuspidatum Field/lab Cut plants nd. nd. NH,NO; -LG nd. nd. 140 days 1986 .
NO; at0.01 M.
1.25 mM was the best inorganic
Inocules NH;NO3; +MG but optimal nitrogen source; at higher concentra- ..

S. nemoreum Lab (1 cm stem) n.d. n.d. 0/1.25/2.5/5mM  with 1.25 mM n.d. nd. 100 days tions amino acids could enhance Simola 1975

growth.

NO; more toxic than other anions

Sphagnum sp. Lab Cut plants n.d. n.d. X*NO; 10 meg/I -HG n.d. nd. 3 months because enhanced the penetration of Touffet 1971
cations, maybe because of its higher
penetration velocity.
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