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Abstract: High doses of nitrogen (N) fertiliser input on permanent pastures are crucial in terms of N
surplus and N losses. Quantitative analyses of the response of plant functional traits (PFT) driving
crop growth rate (CGR) under low N input are lacking in frequently defoliated pastures. This study
aimed to understand the significance of PFTs for productivity and N uptake in permanent grasslands
by measuring dynamics in tiller density (TD), tiller weight (TW), leaf weight ratio (LWR), leaf area
index (LAI), specific leaf area (SLA), as well as leaf N content per unit mass (LNCm) and per unit
area (LNCa) in perennial ryegrass (Lolium perenne)-dominated pastures, in a simulated rotational
grazing approach over two consecutive growing seasons. Annual N application rates were 0, 140
and 280 kg N ha−1. The phenological development of perennial ryegrass was the main driver of
CGR, N uptake and most PFTs. The effect of N application rate on PFTs varied during the season. N
application rate showed the greatest effect on TD, LAI and, to a lesser extent, on SLA and LNCm.
The results of this study highlight the importance of TD and its role in driving CGR and N uptake in
frequently defoliated permanent pastures.

Keywords: grassland; leaf area index; Lolium perenne; nitrogen content; nitrogen uptake; rotational
grazing; specific leaf area; tiller density

1. Introduction

In temperate regions of Europe, perennial ryegrass (Lolium perenne) is the most com-
mon grass species used as forage for milk production, due to its high feeding quality and
dry matter (DM) yield potential. However, both high nutritive value and DM yield require
an adequate availability of nitrogen [1–3]. This is often realised by high inputs of nitrogen
(N) fertiliser. Nonetheless, nitrogen use efficiency in dairy production systems is low [4–6]
and high N inputs are a key factor for N surpluses and N leaching losses under permanent
pastures [3,7]. Grass swards with higher plant N uptake showed significantly lower N
leaching losses [7]. N uptake of fertilised grass swards is mainly driven by crop growth
rate (CGR) [8]. Hence, further insights into the elements forming CGR in grass plants can
help to understand dynamics of N uptake in response to N application rate in permanent
pastures. Quantitative knowledge regarding the effects of fertiliser application is important
to define sustainable and productive management strategies in grass-based production
systems. This is crucial to reduce N surpluses, N losses and fulfil legislative requirements,
e.g., EU Water Framework Directive [9] and EU Nitrates Directive [10].

In intensively grazed permanent pastures, plants are exposed to abiotic stress by high
defoliation frequencies. Plant functional traits (PFTs) interact at plant and sward level,
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creating complex behavioural responses to variations in management strategies, such as
defoliation frequency or nutrient supply [11,12]. For example, frequent defoliation results
in low sward heights enabling light to reach the lower strata of the sward, which triggers
the growth of new tillers [13]. The higher tiller density (TD) is usually compensated by
the formation of small individual tillers [12–14]. Higher leaf area per leaf mass (specific
leaf area, SLA) or higher leaf N content (LNC) both reflect a strategy to increase radiation
absorption and net photosynthesis rates during short regrowth periods [8,15,16]. C and N
allocation between different parts of the plant are key factors for N uptake [8]. Furthermore,
the phenological development stage of the plant affects the expression of other functional
traits; during reproductive growth, stem elongation lowers the ratio of leaf mass to plant
mass (leaf weight ratio, LWR) [17]. Less self-shading due to stem elongation can also
increase the leaf area index (LAI) [11].

Quantitative analyses of PFTs at sward and plant level are lacking in frequently
defoliated pastures. Previous studies analysing PFTs in managed grasslands are limited
to a comparison of grass species [18,19], the general importance of PFTs for grassland
ecology and ecosystems [20,21], or focus on single individual PFTs such as TD [22] or
the effect of PFTs on forage quality [23]. Furthermore, the effect of N application rate
on the expression and development of PFTs in grass swards were rarely studied. Van
Arendonk et al. [24] reported a higher SLA with higher nitrogen supply in four grasses of
the Poa species. Trifolium repens seedlings also showed a higher SLA and a higher LNC
with higher N application rates [25]. To our knowledge, no previous studies conducted
quantitative analyses of various PFTs and their responses to N application rate in frequently
defoliated permanent grasslands. This type of data can be valuable for broadening the
current knowledge of growth processes in commercially managed grasslands and assisting
in the rational identification of optimum N application rates.

This study examined the effect of N application rate on dynamics in PFT expression of
perennial ryegrass-dominated pastures at sward and plant level, over two entire vegetation
periods in a simulated grazing approach. The objective was to determine and understand
the significance of individual PFTs for growth rate and N uptake at different levels of N
application. We hypothesized that the observed traits vary considerably in response to N
application rate.

2. Materials and Methods
2.1. Site Conditions

The experiment was conducted on permanent grassland pasture of a commercial dairy
farm during the growing seasons of 2016 and 2017, in northern Germany (54◦27′33.0” N
10◦00′07.6” E). The soil type was Luvisol soil with a sandy-loam texture (14.8% clay, 24.2%
silt and 61.0% sand), a usable field capacity of 80 mm (0–30 cm), and a low soil C/N ratio
of 10. The grasslands were used for intensive forage production, mainly under grazing, for
more than 20 years. Weather data were obtained from the weather station, Kiel-Holtenau,
near the experimental site, by the German National Meteorological Service (DWD). Grow-
ing degree days (GDD) were calculated as the sum of the mean daily temperatures (Tmean)
in a period; where Tmean is above the base temperature of 5 ◦C (Tbase) (GDD = ∑ Tmean −
Tbase, if Tmean > Tbase).

2.2. Experimental Setup

Within the pastures, the experimental area (31 m × 19 m) was excluded from grazing
and comprised 36 plots (1.5 m × 5 m) arranged in a randomized complete block design. In
each block, four plots per treatment represented the series consecutively sampled after the
methodology described by Corrall and Fenlon [26]. In each year, experimental sites for the
measurement of each PFT under simulated grazing were moved within the farm pastures
to an area grazed by dairy cows in the previous year in order to demonstrate responses
of PFTs to long-term grazed swards. Due to this procedure, botanical composition varied
slightly between years (Figure A1). Plant-specific trait measurements were conducted on
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the dominating plant species, perennial ryegrass. The experiment comprised the factors
(i) N application rate and (ii) time of defoliation within the year. Three N application
rates were tested in the present study: 0 (N0), 140 (N1) and 280 kg N ha−1 yr−1 (N2). N1
represented N application rates recommended for pastures according to the current best
practice in northern Germany [27]; N2 represented the additional N potentially excreted by
grazing dairy cows; N0 was included to determine the N release from the soil. Herbage
samples of 4-week-old swards were taken in a weekly pattern, resulting in four plot series
for each N application rate [26]. Before the start of each growing season, in week 10 of each
year, 300 kg K2O ha−1, 53 kg P2O5 ha−1 and 30 kg S ha−1 were applied to ensure ideal soil
fertility conditions [27,28]. Immediately after sampling, each plot was cut with a mower to
a height of 4 cm. N application was divided into 8 equal fertiliser applications throughout
the growing season. Each plot was fertilised according to the annual requirements of each
N application rate with 0 g (N0), 48.6 g (1.75 g N m−2, N1) and 97.2 g (3.5 g N m−2, N2)
calcium ammonium nitrate (13.5% nitrate and 13.5% ammonia N) per plot.

2.3. Herbage Production, Nitrogen Content and Nitrogen Uptake

A random cut of approximately 0.25 m2 per plot was made with lawn shears at a height
of 4 cm to harvest plant material for the analysis of N content and PFTs. The DM content of
the herbage was determined after oven drying at 60 ◦C for 48 h. The dried material was
ground in a centrifugal mill to a size of 1 mm for estimating N content by near-infrared
reflectance spectroscopy (NIRS) [29] with a NIRsystem 5000 monochromator (Foss, Silver
Spring, USA). The DM yields were estimated non-destructively based on measurements
of compressed sward height using a rising plate meter (Filips Manual Folding Platemeter,
Jenquip Agriworks Ltd., Feilding, New Zealand) with five measurements per plot, and by
applying a formula recommended by Trott et al. [30]:

DM yield (kg DM ha−1) = (208 × compressed sward height (cm)) − 1026. (1)

Mean daily crop growth rate (CGR) was calculated as the moving average of four
consecutive series [26]:

CGRt (kg DM ha−1 day−1) = (0.25 × DM yieldt + 0.25 × DM yieldt+1 + 0.25 × DM

yieldt+2 + 0.25 × DM yieldt+3)/28 (days);
(2)

where t was the week of measurement. The mean N content for each week (NC; g N kg−1 DM)
was calculated as the moving average of four consecutive series. Mean daily N uptake
(Nupt, kg N ha−1 day−1) was calculated as a product of CGR and NC. Agronomic nitrogen
efficiency (ANE; [31]) in N1 and N2 was estimated by subtracting herbage DM produced
(kg DM ha−1) without N application from the herbage DM produced with N application
(in each N1 and N2) and dividing this by the units of N applied (kg N ha−1).

2.4. Plant Functional Trait Measurements

In weekly intervals, 50 randomly chosen perennial ryegrass tillers per plot were cut at
ground level and classified into phenological stages. To determine the mean phenological
stage of each sward, the results were expressed as Mean Stage by Count (MSC), calculated
with indices recommended by Moore et al. [32]. Tillers were classified into the following
categories: leaf development (1.0–1.9), stem elongation (2.15–2.9), floral development
(3.0–3.9) and seed development and ripening (4.0–4.9). As no variation in phenological
development was observed between the different N application rates later in the season,
measurement intervals were scheduled less frequently; either every two or four weeks
from August onwards. The mean single tiller DM weight (TW) was calculated as the total
tiller DM weight of all classified tillers divided by the number of tillers.

TD was analysed in four-week intervals. At the beginning of the growing season, two
metal grids per plot, with 40 sections of 5 cm × 5 cm each, were placed in the sward 4 cm
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above ground level. In 6 sections in the centre of the grid, all tillers of all present grass
species were counted to calculate the number of tillers per m2.

Leaf-related functional trait measurements were analysed in samples of 60–100 g DM
of perennial ryegrass plants in four-weekly intervals. After separating each tiller into
stem (including leaf sheaths) and leaf blades (hereafter referred to as ‘leaves’), the LWR
(g leaf g−1 plant) was examined by weighing the individual plant parts of each sample.
The leaf area (cm2) of each sample was measured using a LICOR LI-3000A leaf area meter
(LI-COR Biosciences, Lincoln, NE, USA). All leaf samples were dried and processed using
the same methods described above to analyse the leaf N content per unit mass (LNCm; g N
kg−1 DM). The leaf area and mass of dried leaves of each sample were used to calculate
N content per unit leaf area (LNCa), specific leaf area (SLA), and leaf area index (LAI)
as follows:

LNCa (g N cm−2) = leaf N (g N)/leaf area (cm2), (3)

SLA (cm2 g−1 DM) = leaf area (cm2)/leaf weight (g DM), (4)

LAI (cm2 cm−2) = (LWR (g g−1) × DM yield (g cm−2)) × SLA (cm2 g−1 DM). (5)

2.5. Statistical Analysis

Statistical analysis was conducted using R (Version 4.1.0, www.r-project.org, last
accessed on 8 December 2021). We defined a mixed linear model [33] with N application
rate, year, time of defoliation, their interactions as fixed factors and block as a random
factor. For annual calculations, the following model was used:

Xjk = µ + Nj + Yk + (NY)jk + bl + ejkl, (6)

where Xjk = the dependent variable, µ = the overall mean, Nj = the fixed effect of the jth
N application rate, Yk = the fixed effect of the kth Year, (NK)jk = the fixed effect of the
interaction between N application rate and Year, bl = the random effect of the lth blockand
ejk = the residual error. For data measured on a weekly or four-weekly basis, the following
model was used:

Xjkl = µ + Nj + Yk + Tl + (NY)jk + (NT)jl + (YT)k + (NYT)jkl + bm + ejklm, (7)

where Tl = the fixed effect of the lth time of defoliation in the year. All other abbreviations
are the same as above. Based on a graphical residual analysis [34], the data were assumed
to be normally distributed and heteroscedastic. Based on this model, we conducted
an analysis of variance (ANOVA) to calculate the effects of the fixed factors and their
interactions on each dependent variable. Comparisons of means by multiple contrast test
were conducted post hoc, to evaluate the effect of N application rate on each variable at
different times of the year. The results were presented as means ± standard error. To
analyse the relationships between the individual PFTs, CGR and Nupt, a linear regression
analysis was conducted with year and N application rate included as random factors.

3. Results
3.1. Climate and Weather

The annual temperature means in the experimental years were higher compared to
the long-term average (+0.6 ◦C in 2016 and +0.5 ◦C in 2017). GDD per year was 92 ◦C
higher in 2016 compared to 2017 and 138 ◦C higher compared to the long-term average.
Total annual rainfall was 173 mm higher in 2017 compared to 2016 and 135 mm higher
compared to the long-term average. During the vegetation period, the monthly rainfall in
2017 was substantially higher than the long-term average, mainly during June and July
where rainfall was 48% higher. Total solar radiation was lower than the long-term average
during the experimental years (−82 MJ m−2 in 2016 and −106 MJ m−2 in 2017) but was
similar between years (Table 1).

www.r-project.org
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Table 1. Mean temperature (◦C), growing degree days above 5 ◦C (GDD; ◦C), total rainfall (mm), total solar radiation
(MJ m−2) per month, year (Y) and vegetation period (VP; April to October) of 2016, 2017 and the long-term average
(1991–2020).

Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Y VP

Mean temperature (◦C)
2016 1.1 3.5 4.5 7.2 13.6 17.1 17.8 17.1 17.5 9.8 4.6 4.8 9.9 14.3
2017 1.3 2.8 6.5 7.2 13.3 16.3 16.7 16.9 13.9 12.0 6.3 4.2 9.8 13.8

1991–2020 1.7 2.2 4.3 8.1 12.0 15.3 17.8 17.6 14.3 10.0 5.8 2.9 9.3 13.6

Growing degree days > 5 ◦C (◦C)
2016 17 16 21 74 267 364 396 375 375 150 32 33 2119 2000
2017 0 14 57 71 257 339 363 368 266 218 51 23 2027 1882

1991–2020 14 14 31 100 218 309 394 390 277 158 54 21 1981 1847

Rainfall (mm)
2016 82 85 28 64 27 94 87 54 41 79 32 43 716 446
2017 39 59 50 47 42 118 100 61 76 125 89 83 889 569

1991–2020 67 51 52 38 50 64 83 78 62 74 65 71 754 449

Solar radiation (MJ m−2)
2016 53 118 235 379 610 584 536 498 379 143 74 40 3647 2964
2017 60 95 269 414 613 585 528 477 309 162 70 41 3623 2958

1991–2020 60 114 259 432 575 586 588 497 320 180 75 44 3729

3.2. Herbage Production, Nitrogen Content and Nitrogen Uptake

Annual DM and N yields were, on average, 3.9 t DM ha−1 higher in 2017 compared to
2016 (p ≤ 0.05) in all N application rates. In both years, annual DM and annual N yields
were highest in N2 and lowest in N0 (Figure 1). The development of each CGR, NC and
Nupt showed a similar general pattern during each of the two vegetation periods (Figure 2).
In both years, CGR peaked during the period of stem elongation. On 17 May 2016, CGR
was highest in all N application rates with 73 ± 3.4, 109 ± 7.8 and 115 ± 8 kg DM ha−1

day−1 in N0, N1 and N2, respectively. In both years, ANE showed a tendency to be higher
in N1 (20.4 and 14.1 kg DM kg−1 N) compared to N2 (16.5 and 11.7 kg DM kg−1 N in 2016
and 2017, respectively; p = 0.07).
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Figure 2. (a) Mean daily crop growth rate (CGR), (b) mean nitrogen content and (c) mean daily nitrogen uptake of the total
herbage harvested during the vegetation period of 2016 and 2017 for three N application rates (0 (N0), 140 (N1) and 280 (N2)
kg N ha−1). Mean values at the same harvest date with different superscripts differ between N application rates (p ≤ 0.05).

In 2017, CGR peaked on 24 May with 79 ± 5.5 (N0) and 93 ± 2.7 kg DM ha−1

day−1 (N1), and, on 17 May 2017, in N2 with 104 ± 6.3 kg DM ha−1 day−1. The greatest
differences between N application rates (p ≤ 0.05) were observed during reproductive
growth in spring.

The general pattern of NC during the growing season was the opposite of the pattern of
CGR, showing a decreasing trend during the reproductive growth period with a subsequent
increase and the highest levels towards the end of the growing season. NC ranged between
17 and 46 g N kg−1 DM within the vegetation period. NC was only different between
N1 and N2 at a few defoliation events (Figure 2b). Nupt followed the trend of CGR with
values ranging between 0.5 and 3.5 kg N ha−1 day−1. Differences between N application
rates were greater during the first half of the vegetation period compared to the second
half of the vegetation period (Figure 2c).

3.3. Phenology and Tiller Weight

The proportion of tillers in the stage of leaf development was highest in the beginning
of the vegetation period and decreased during reproductive growth in spring. The number
of flowering tillers was low in both years (mainly secondary reproductive tillers). Towards
the second half of the vegetation period, the proportion of vegetative tillers increased. MSC
peaked on 31 May in 2016 and on 7 June in 2017 (Figure 3a). The MSC remained between
1.6 and 2.3 (leaf development and stem elongation) until mid-August. From mid-August
onwards, the MSC remained in the range of vegetative leaf development. There were only
small differences between the N application rates in June of both years.
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Figure 3. (a) Mean stage by count (MSC) and (b) tiller weight (TW) during the vegetation periods of 2016 and 2017 for three
N application rates (0 (N0), 140 (N1) and 280 (N2) kg N ha−1). Mean values at the same date with different superscripts
differ between N application rates (p ≤ 0.05).

The general trend in TW was similar to the trend in CGR during both vegetation peri-
ods, with peak values of 0.137± 0.03 g DM tiller−1 in 2017 and 0.135± 0.02 g DM tiller−1 in
2016 during reproductive growth and around 0.05 g DM tiller−1 during vegetative growth
in both years (Figure 3b).

3.4. Leaf- and Tiller-Related Plant Functional Traits

TD increased at the beginning of stem elongation to values above 13,000 tillers m−2

in N1 and N2 and values of 7755 (2016) and 6988 tillers m−2 (2017) in N0 (Figure 4a).
TD declined in early July of 2016 and in June of 2017. A second peak occurred at the
end of July in both years. N0 and N2 were mainly different during the summer months.
TD in N1 and N2 was not different in 2016 (p > 0.05). At the beginning and the end of
the vegetation period, TD was similar between all N application rates (p > 0.05). LWR
followed an opposite trend to TW (Figure 4b). The lowest LWRs were observed during
reproductive growth in spring with around 0.25 g leaf g−1 plant in 2017 and between 0.21
and 0.31 g leaf g−1 plant in 2016. During vegetative growth, LWR was between 0.5 and 0.8
g leaf g−1 plant. N application rate affected LWR only once at the beginning and towards
the end of the vegetation period. LAI followed a more or less similar trend to CGR in both
years (Figure 4c). Differences in LAI between N application rates were greatest during the
period of reproductive growth in both years, were LAI peaked in all N application rates.

SLA was lowest at the beginning of the vegetation period in both years (Figure 5a). SLA
was generally higher in 2017 (272± 38 cm2 g−1 DM) compared to 2016 (211± 31 cm2 g−1 DM)
(p = 0.006) and in N1 and N2 compared to N0. In 2016, LNCm generally increased towards
the end of the vegetation period with differences between N application rates mainly found
in N0 and N2 (Figure 5b). In 2017, LNCm was on average 8.8 g N kg−1 DM higher than
in 2016 (p = 0.02). LNCa ranged between 1.0 and 1.8 g N m−2, with higher values during
spring and autumn compared to during mid-season in both years. Differences between N
application rates were mainly found in 2016 and in one case in 2017 (Figure 5c).
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Figure 4. (a) Tiller density (TD), (b) leaf weight ratio (LWR) and (c) leaf area index (LAI) dur-
ing the vegetation period of 2016 and 2017 for three N application rates (0 (N0), 140 (N1) and
280 (N2) kg N ha−1). Mean values at the same date with different superscripts differ between N
application rates (p≤ 0.05). Error bars show the standard error of the mean of the interaction between
defoliation date and N application rate.
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Figure 5. (a) Specific leaf area (SLA), (b) leaf nitrogen content per unit mass (LNCm) and (c) leaf
nitrogen content per unit area (LNCa) during the vegetation period of 2016 and 2017 for three N
application rates (0 (N0), 140 (N1) and 280 (N2) kg N ha−1). Mean values at the same date with
different superscripts differ between N application rates (p ≤ 0.05). Error bars show the standard
error of the mean for the interaction between defoliation date and N application rate.
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3.5. Relationships of Each PFT to CGR and Nitrogen Uptake

Each PFT was positively associated with CGR and with Nupt. The strongest relation-
ship between both CGR and Nupt and a PFT was with LAI (Figures 6 and 7). SLA and TD
showed a moderate association with both CGR and Nupt. MSC and TW were both more
strongly associated with CGR, while the association with Nupt was weak (R2 > 0.22 for
CGR vs. R2 < 0.08 for Nupt).
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Figure 6. Linear relationships between crop growth rate (CGR) and (a) mean stage by count (MSC), (b) specific leaf area
(SLA), (c) leaf area index (LAI), (d) tiller weight (TW) and (e) tiller density (TD) for three N application rates (0 (N0), 140 (N1)
and 280 (N2) kg N ha−1) across two years (2016 and 2017).



Agronomy 2021, 11, 2499 10 of 16

Agronomy 2021, 11, x FOR PEER REVIEW 10 of 16 
 

 

Figure 6. Linear relationships between crop growth rate (CGR) and (a) mean stage by 
count (MSC), (b) specific leaf area (SLA), (c) leaf area index (LAI), (d) tiller weight (TW) 
and (e) tiller density (TD) for three N application rates (0 (N0), 140 (N1) and 280 (N2) kg 
N ha−1) across two years (2016 and 2017). 

 
Figure 7. Linear relationships between daily nitrogen uptake and (a) mean stage by count (MSC), 
(b) specific leaf area (SLA), (c) leaf area index (LAI), (d) tiller weight (TW) and (e) tiller density (TD) 
for three N application rates (0 (N0), 140 (N1) and 280 (N2) kg N ha−1) across two years (2016 and 
2017). 

C
G

R 
(k

g 
D

M
 h

a-1
)

MSC
0 1 2 3 4 5

0

50

100

150

y = 11.73 + 22.41x ***, p < 0.001
R² = 0.31, RMSE = 25.01, CV = 0.42

C
G

R 
(k

g 
D

M
 h

a-1
)

TW (g DM tiller-1)
0.00 0.05 0.10 0.15 0.20
0

50

100

150

y = 32.52 + 400.5x ***, p < 0.001
R² = 0.22, RMSE = 26.93, CV = 0.44

TD (tillers m-²)
0 5000 10000 15000 20000

0

50

100

150

y = 11.95 + 47.3*10-4x ***, p < 0.001
R² = 0.19, RMSE = 27.94, CV = 0.5

SLA (cm2 g-1 DM)
0 100 200 300 400

0

50

100

150
y = -6.025 + 0.238x ***, p < 0.001
R² = 0.17, RMSE = 23.16, CV = 0.45

(a) (b) (c)

(d) (e)

N0
N1
N2

2016
2017

y = 13.12 + 19.78x ***, p < 0.001
R² = 0.60, RMSE = 16.23, CV = 0.32

0

50

100

150

0 1 2 3 4 5
LAI (cm² cm-²) 

N
itr

og
en

 u
pt

ak
e

(k
g 

N
 h

a-1
da

y-1
)

y = 0.978 + 0.332x ***, p < 0.001
R² = 0.08, RMSE = 0.81, CV = 0.48

0

1

2

3

4

5

0 1 2 3 4 5
MSC

y = 0.495 + 12.95*10-5x ***, p < 0.001
R² = 0.19, RMSE = 0.77, CV = 0.45

0

1

2

3

4

5

0 5000 10000 15000 20000
TD (tillers m-²)

y = -0.421 + 0.008x ***, p < 0.001
R² = 0.21, RMSE = 0.67, CV = 0.46

0

1

2

3

4

5

0 100 200 300 400
SLA (cm2 g-1 DM)

y = 1.327 + 5.216x **, p < 0.001
R² = 0.04, RMSE = 0.83, CV = 0.49

0

1

2

3

4

5

0.00 0.05 0.10 0.15 0.20
TW (g DM tiller-1)

N
itr

og
en

 u
pt

ak
e

(k
g 

N
 h

a-1
da

y-1
)

(a) (b) (c)

(d) (e)

N0
N1
N2

2016
2017

y=0.308 + 0.596x ***, p < 0.001
R² = 0.62, RMSE = 0.47, CV = 0.32

0

1

2

3

4

5

0 1 2 3 4 5
LAI (cm² cm-²) 

Figure 7. Linear relationships between daily nitrogen uptake and (a) mean stage by count (MSC), (b) specific leaf area (SLA),
(c) leaf area index (LAI), (d) tiller weight (TW) and (e) tiller density (TD) for three N application rates (0 (N0), 140 (N1) and
280 (N2) kg N ha−1) across two years (2016 and 2017).

4. Discussion

Understanding the significance of PFTs and their interactions for driving the pattern
of CGR on pastures is necessary in order to adapt management strategies for maximising
productivity and N use efficiency. This study focused on intensively managed, old, perma-
nent grasslands, predominantly used for grazing by dairy cows for more than two decades,
on mineral soils in northern Germany. The abundance of various species in permanent
grasslands makes a trait analysis more complex. Thus, we focused on monitoring the func-
tional traits at plant level on perennial ryegrass, as this species is dominant in intensively
used, temperate, permanent grasslands. The presence of other species as competitors for
nutrients or light was considered indirectly, as the intensity of the competition also affect
the expression of PFTs of perennial ryegrass plants.

Weather, sward characteristics and, as a result, herbage production, varied between
years in the present study. Beneficial conditions for growth in the spring and autumn
of 2017 resulted in higher CGR during these periods and in higher annual DM yields
compared to 2016. PFT dynamics also varied between years and between the two areas
of the grazed permanent grassland sward. Due to time and staff constraints, individual
PFTs were measured at different dates in the present study. Hence, it was not possible to
analyse direct interactions between individual PFTs from our dataset. This also explains the
variation in datapoints present in the regression analysis. Nonetheless, this study aimed to
analyse and determine the significance of each PFT for CGR and Nupt under various and
representative conditions, as variations in growth and sward type are typical characteristics
of grassland with multiple species.

The relatively high herbage production and Nupt from swards with no N application
(N0) in the present study indicated a remarkably high N release due to long-term C and
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N accumulation in the soil and a close C/N ratio under intensive grazing management.
According to Hassink [35] and Soussana and Lemaire [36], old permanent grasslands with a
long history of grazing have a high potential for N mineralisation from the soil compared to
young grasslands. High than average temperatures combined with sufficient precipitation
during the experimental years of the present study further stimulated N mineralisation
from the soil. This resulted in relatively high annual DM yields under no or moderate N
application of 140 kg N ha−1 yr−1. The high N release from the soil may also explain why
there was no significant effect of N application rate (140 vs. 280 kg N ha−1) on ANE. This
is confirmed by results reported by Enriquez-Hidalgo et al. [1], who showed a herbage
DM production of between 7.4 and 11.4 t DM ha−1 at no N application; between 8.5 and
14.9 t DM at an application rate of 120 kg N ha−1 in grass-only swards; and no effect of N
application rate (0 to 240 kg N ha−1) on ANE under similar environmental conditions.

4.1. Seasonal Dynamics in CGR, Nitrogen Uptake and PFTs

Changes in the development of CGR were mainly driven by the phenological develop-
ment (MSC) of perennial ryegrass plants in our study. During reproductive growth, stem
elongation reduces self-shading and increases photosynthetic rates due to a higher radia-
tion absorption [11]. The dynamics of CGR, NC and Nupt in the present study reflect the
typical seasonal patterns observed in frequently defoliated, temperate grasslands [7,37–39].
Our study confirmed that N uptake of grass swards is mainly driven by crop growth rate
(CGR) [8,40].

The observed values of each PFT were within ranges of results reported by previous
studies investigating SLA [19,41,42], TD [11,43], LAI [19,41,42,44] and LNCa [8]. The
dynamics in TW coincided with the development of MSC. The high proportion of heavier
and stemmier reproductive tillers, up to 75% in early summer, reduced the proportion of
smaller, leafy tillers, as represented by low LWR and higher TW during periods with a
high CGR. Hence, the regrowth potential of tillers, following a defoliation of reproductive
tillers, was lower [45], explaining our observations of a decrease in TD and LAI after the
peak period of reproductive growth. However, due to short defoliation intervals in the
present study, most tillers only reached the booting stage (MSC < 3.9), resulting in lower
TW compared to swards with longer regrowth intervals [44,46]. SLA was lowest at the
beginning of the vegetation period in both years, indicating a long residency time of those
leaves during the winter period.

4.2. Effect of N Application Rate on Herbage Production and PFT

The positive effects of N fertilisation on CGR and herbage production of grass swards
were extensively demonstrated in previous studies [8,41,47,48] and confirmed by our
results. A higher N uptake and higher NC in the plant and leaf material at higher N
application rates was also confirmed by previous studies [7,38,49].

Temperature and photoperiod are the most important factors driving the phenological
development of grass plants [50]. This explains why N application rate only marginally
affected MSC in the present study. In contrast to observations made by Joy Pearse and
Wilman [49], we did not find significant differences between N application rates in TW.
The results of our study clearly show that TW was solely affected by the phenological
development of the grass plant. This is supported by the development of LWR in our study,
which was also unaffected by N application rate. The frequent defoliation in our study
promoted the development of relatively small individual tillers in all N application rates,
as discussed above.

TD and LAI were the PFTs that were most affected by N application rate during the
season. A higher N availability can increase the rate of leaf elongation and leaf appearance
in grass plants, which can also increase the rate of the formation of new tiller buds, i.e.,
the site filling rate [12,51,52]. Nonetheless, significant differences between moderate (N1)
and high (N2) N applications were rare. Especially during vegetative growth, deviations
between N application rates of these traits were low. This may be due to high N mineralisa-
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tion rates, which are usually present in the second half of the season in temperate regions,
resulting in low responses to N fertilisation in this period [53,54].

SLA and LNCm were moderately increased by N application rate in our study. Similar
results were reported in four grass species of the genus Poa [24]. Previous studies also
explained this with an increase in leaf elongation rate [19,52] and an increase in the alloca-
tion of N into leaf material in swards with higher N availability [8,24]. A higher SLA is
expressed as thinner but larger leaves that provide more area for the absorption of light
and, hence, increase radiation-use efficiency. This also explains why LNCm was different
but LNCa was more or less similar between N application rates in our study. In the thinner
leaves of the N2 swards, the higher N content was distributed across a larger area, resulting
in a similar N content per unit area [55].

4.3. Relationships of Each PFT to CGR and Nitrogen Uptake

The interrelation of MSC, TW, TD, SLA and LAI resulted in a multicausal influence of
the PFTs on CGR. Hence, all measured PFTs were positively associated with CGR and Nupt.
In each of the regressions of SLA, there were a few datapoints that were higher and more
or less separate from the remaining cluster of datapoints. These represented samples taken
during the peak of reproductive growth in 2016. In 2016, the peak in CGR and Nupt was
higher and steeper compared to the peak in 2017, which also occurred later. This indicates
that the relationship between CGR and SLA depended on the phenological development
stage of the grass plant. This is most likely due to the changes in canopy structure and
height during stem elongation. SLA and LAI are strong determinants for the potential of
capturing light, and thus strongly drive the photosynthetic efficiency and productivity of
grass swards [19,51]. Nevertheless, it is possible that the higher SLA increased LAI more
than it increased biomass accumulation, as reported by Knops and Reinhart [56]. This
could be an explanation for why the association between LAI and CGR was stronger than
the association between SLA and CGR.

The positive effect of both TD and TW on CGR in our study is in contrast to the results
reported by Matthew et al. [57], where TD was negatively associated with herbage mass as a
result of tiller size/density compensation. However, it was also highlighted that frequently
defoliated swards with a lower herbage mass can deviate from the compensation effects
between TD and TW [58]. Similar to the results of our study, Garay et al. [59] highlighted the
importance of TD for herbage production in grazed swards. The relationship between TD
and LAI of frequently defoliated grass swards resulted in leafy and dense canopies [13,60].
Furthermore, the swards of the present study were not perennial ryegrass monoculture.
Measurements of TD included all present grass species. This indicates that, in permanent
pastures with multiple species, tiller size/density compensations may be less important.
A further indication of the lower importance of TW for herbage production in the swards
of our study was that the association between TW and Nupt was significantly weaker
than between TD and Nupt, which was similar to the association between TD and CGR.
Moreover, TW was almost unaffected by N application rate, while TD and LAI showed a
good response to moderate N application in both years. The simultaneous increase in DM
yield, CGR and Nupt with higher N application indicates that TD played an important
role for herbage production in the frequently defoliated, permanent grassland swards of
our study. Increasing N application from N1 to N2 did not result in differences in TD or
ANE. As N1 represented N application rates currently recommended for pastures and N2
represented the additional N potentially excreted by grazing dairy cows, this supports
the idea that moderate (140 kg N ha−1) mineral N fertilisation is sufficient for ensuring
highly productive grass swards on permanent pastures for cattle grazing. High TD further
provides a significant competitor against other species and weeds, which underlines the
role of TD for yield stability [61]. Therefore, TD could be used as an easily recognizable
measure of the growth and N uptake potential of permanent pastures similar to those
analysed in the present study.
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5. Conclusions

Frequent defoliation, as is the case in rotational grazing systems, promotes productive
swards that are highly competitive for light. The results of our study highlighted that the
phenological development of perennial ryegrass drives the dynamics in CGR, N uptake
and most PFTs during the vegetation period of permanent grasslands. Hence, considering
the phenological development stage of perennial ryegrass is crucial to understand the
effects of N application on growth and N uptake dynamics in permanent grass swards.
Within the PFTs analysed in the present study, we identified tiller density as one of the main
drivers of growth rate and N uptake in frequently defoliated permanent pastures. In the
present study, a moderate N application rate of 140 kg N ha−1 yr−1 was sufficient for the
maximum tiller density. The results of this study highlight that focusing the management
of permanent pastures on increasing tiller density can ensure high CGR and N uptake rates
under moderate N application and increase the productivity of pastures.
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