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Abstract: Despite the importance of roots in determining plant performance, the factors controlling
their development and longevity remain poorly understood. Grass morphology is based on repeating
units called phytomers, with each capable of producing one leaf, one daughter tiller, and one or more
roots. We developed a phytomer-based understanding of root birth, growth and senescence in Lolium
perenne, using a modeling approach to explore seasonal effects on root turnover dynamics, and to
explore cultivar differences in these processes. Similar to leaves, roots exhibit a clear progression from
initiation, growing for approximately seven phyllochrons, with growth rates strongly influenced
by environmental conditions. In spring, the phyllochron decreased over the experiment, while it
increased in autumn. In spring, C availability exceeding maintenance respiratory requirements
allowed root growth at each phytomer position, with a 70/30 split between maintenance and growth.
Under C-deficient conditions in autumn, this split was approximately 80/20, with growth limited
to younger phytomer positions, while older roots were more susceptible to starvation-induced
senescence due to their high C requirements for maintenance respiration.
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1. Introduction

Roots allow the efficient uptake of water and nutrients from soils and are important contributors
to plants’ ability to compete successfully for resources. In contrast to leaf turnover [1,2], root dynamics
receive comparatively little attention, in part due to the difficulty of performing measurements of roots
growing in soil. Roots are of fundamental importance to plant growth and development, and their
respiratory fluxes are an important component of plant carbon (C) economy. Although at a broad
level allometric scaling laws can be used to estimate root mass based on aboveground tissue mass [3],
individual plants exhibit a great degree of plasticity in their biomass allocation and are strongly
influenced by environmental factors.

Plant growth rates are strongly contingent on environmental conditions. Photosynthesis is the
ultimate C source for growth, and exhibits a strong seasonality [4,5]. Factors influencing whole plant C
gain also mediate root growth; for example, roots comprised up to 50% of dry weight in tall fescue
grown under high light conditions, but only 20% under low light conditions [6]. Fulkerson and
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Donaghy [7] noted a strong relationship between daily solar radiation and plant water soluble
carbohydrate concentrations, which they consider the primary C source for root and leaf regrowth
post-defoliation. In an ecological study of the effects of soil warming on upland grasslands, root birth
rate correlated with photosynthetically active radiation, while death rates correlated with vegetation
temperature [8]. Isotope labeling studies have shown that the majority of C for new growth was fixed
within the previous two days [9,10], and a close relationship between daily photosynthesis and root
respiration established, with the majority of respired C deriving from same day photosynthesis [11].

Root growth is strongly seasonal [12,13], but is also mediated by other factors: drought [14],
salinity [15] and osmotic stress [16] limit growth, while root proliferation is common in nutrient-rich
patches [17]. These types of exogenous factors add a layer of complexity to the underlying systemic
patterns of root initiation, growth, and senescence, making an understanding of the fundamental
processes more difficult. Studying root growth in soils is difficult, even if we could avoid all the
aforementioned issues, the recovery of whole, complete root systems is technically demanding.
Hydroponic culture represents a simple method to resolve both problems by growing plants under
standard, uniform conditions, where roots can be retrieved without substantial loss, either as a result
of mechanical forces or biotic damage, albeit a highly artificial system with little correspondence to the
real-world conditions experienced by plants in the field.

Perennial ryegrass (Lolium perenne L.) is a widely used temperate forage grass worldwide. It is
hardy, establishes well, and has a high palatability for ruminant animals. Grass plant morphology is
based on the tiller axis, which is comprised of segments, called phytomers. Phytomers are produced
by the apical meristem, with each phytomer capable of producing one leaf, one daughter tiller,
and generally two roots. The tiller axis represents an age gradient, with newly formed phytomers
at the tip, followed by around six immature phytomers, before the first leaf-bearing phytomer [18].
Ryegrass is typically considered as a “three-leaf” plant, with one newly expanding leaf, two fully
expanded leaves, while the oldest, fourth leaf, begins to senesce [7]. Root initiation typically occurs at
the phytomer bearing the senescent leaf, although there is some variability in this [18]. The youngest
roots are found on phytomers proximate to the leaves, with progressively older roots further from
the growing point. However, while the situation for leaves is well-characterized, a mechanistic
understanding of root initiation, growth, and senescence is currently lacking. Previous studies tend
to treat the roots as a homogenous population, often characterizing them by their position in the
soil profile (e.g., [12,19]), with little consideration of how root age or tiller axis position may affect
their function.

In this paper, we have three main goals (1) to develop a phytomer-based understanding of root
birth, growth and senescence, (2) to explore the effects of season on the dynamics of these processes,
and (3) to explore cultivar differences in these processes. To achieve these goals, two cultivars
of perennial ryegrass, ‘Alto’ a New Zealand bred, endophytic cultivar [20] and ‘Aberdart’ a United
Kingdom bred, non-endophytic, high sugar cultivar [21,22] were grown hydroponically in a glasshouse
experiment over the transition from autumn to winter (autumn experiment) or from winter to
spring (spring experiment). These two cultivars were selected as the most diverse germplasm
available, in order to explore genetic plasticity in root growth. As a potential way to gain previously
unavailable insight, we took observations on the dry weights of progressively older roots at successive
phytomers on ryegrass tiller axes, with a known time interval between formation of successive roots,
and constructed a mathematical model based on root mass data for successive phytomers to describe
the root formation processes underlying the data.

2. Materials and Methods

2.1. Experimental

Plants were grown hydroponically in a glasshouse at the Massey University Plant Growth
Unit, Palmerston North, New Zealand (latitude 40◦19′ South, longitude 174◦46′ East, altitude 25
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masl). Two separate experiments were conducted, a spring experiment and an autumn experiment.
The spring experiment ran from 1 July 2008 to 28 September 2008, and the autumn experiment from
3 March 2009 to 31 May 2009. In the spring experiment, the plants experienced increasing day length,
while in the autumn experiment the plants experienced decreasing day length.

Two late flowering diploid Lolium perenne cultivars; perennial ryegrass, ‘Alto’ a New Zealand
bred, endophytic cultivar and ‘Aberdart’ a United Kingdom bred, non-endophytic, high sugar cultivar
were used. To provide a population of plants for study, in each experiment, 10 plants (genotypes)
from established field swards of each cultivar were uplifted, brought to the laboratory, and adult
tillers divided out from each plant to provide six clonal replicates of each genotype to transplant into
the hydroponic unit. Any small daughter tillers attached to tillers at transplanting were removed.
Tiller length measured from the pseudostem base to the leaf tip was 10–15 cm at transplanting.
The hydroponic unit comprised 20 trays, each holding 12 plants spaced at 12 cm × 12 cm. Individual
tillers were supported by polystyrene sheets with 2 cm diameter holes, in which plants were
suspended using sponge rubber wads. During the growing period, only the parent tiller and first two
daughter tillers were allowed to develop, with all other daughter tillers removed upon appearance.
Leaf appearance was recorded throughout both experiments. In this way, when plants were dissected
at the end of the experiment and each live leaf and root assigned a phytomer position on the tiller
axis, the age of each phytomer and its phyllochron could be determined from the leaf appearance
data. The details of hydroponic culture, composition of nutrient solution and plant management are
described in a previous publication [23].

2.2. Photosynthesis Measurement

The leaf appearance dates for all measured tillers were recorded, so it was possible to calculate
the leaf appearance rate (phyllochron). The lengths and widths of live leaves were recorded
and the area of individual leaves was calculated using a form factor [24] following the equation:
0.7 × lamina length (cm) × width (cm). Net CO2 exchange rate was measured using a CIRAS-2
Portable Photosynthesis System (PP Systems, Amesbury, MA, USA) with the leaf provided 420 ppm
CO2, 1000 µmol m−2 s−1 PPFD (photosynthetic photon flux density) at ambient temperature.
Photosynthesis measurements were conducted 74 and 30 days after transplanting in the spring
and autumn experiments, respectively. These days were selected as the day lengths were equal.
The photosynthetic capacities of the five youngest leaves of two clonal replicates of six genotypes
for each cultivar in the spring experiment and those of three clonal replicates of five genotypes for
each cultivar in the autumn experiment were measured. The youngest emerging leaf was taken as a
reference point and denoted leaf position 1. Thus, net CO2 exchange rate of a total of 270 leaves from
54 tillers was recorded. Leaf lamina length (cm), and width (nearest 0.5 mm) were recorded on the
day of photosynthesis measurement for the respective leaf positions. Leaf area inside the cuvette was
calculated as: leaf lamina width at the mid-point between the tip and the ligule × leaf length inside
the cuvette (cuvette length was 10 cm).

2.3. Root Data Collection

Isolation of individual roots was facilitated by initially floating in a bucket of water the tiller
base and attached roots of each plant being dissected. Further details of root data collection were
described in a previous publication [23]. The number of plants dissected in the spring experiment
was 30 (10 genotypes × 3 clonal replicates) for Aberdart, and 27 (9 genotypes × 3 clonal replicates)
for Alto because three plants failed to establish. Due to the larger size of the plants and the increased
time required for processing, in the autumn experiment 16 plants (8 genotypes × 2 clonal replicates)
of each cultivar were dissected. After dissection roots were placed in a drying oven for 48 h at 60 ◦C,
then weighed to determine dry mass.
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2.4. Theoretical

A model based on an exponential rise to a maximum (Equation (1)) was fitted to a plot of root
mass data against time, where R was the root mass in mg, m is the maximum root mass achieved at a
fully mature phytomer, k is the gradient of the curve, and t is the age (days) of the phytomer position.
The regression line and 95% confidence intervals were returned by Graphpad Prism version 7 for
Windows (Graphpad Software, La Jolla, CA, USA).

R = m (1− e−kt
)

, (1)

It was noted that the data points for the oldest roots often fitted the regression curve poorly,
sometimes lying above and sometimes below the curve. Possible reasons include senescence, additional
substrate supply from daughter tillers [25] or variability in plant size when the oldest roots were
formed. For this reason, we excluded data points from older roots (Figure 1). The modelled data
spanned 56 and 53 days in spring, and 57 and 59 days in autumn for Alto and Aberdart respectively.
Under these conditions, our exponential model fitted the root data to a high degree (Figure 1; P < 0.001,
r2 > 0.85 in all cases). All datasets passed a Shapiro-Wilks test for normality, and a runs test for data
deviation from the model.
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Figure 1. Mean root masses (±SE) with an exponential rising to a maximum model (±95% CI).

Root mass at each phytomer position was estimated from the fitted curve and used to estimate
the C requirements for growth and maintenance respiration. Curve confidence interval data were
used to estimate error terms associated with growth and respiration values. Daily root growth (G,
Equation (2)) was estimated as the differences in mass between two adjacent phytomer positions (W1

and W0), divided by the difference in root age between the two positions (a1 − a0) assuming that the
age difference between roots was equal to the leaf appearance rates [23].

G =
(W 1 −W0)

(a1 − a0)
, (2)

Construction = (G× 0.4) + (G× 0.24), (3)

Maintenance = 0.02× (W 1 −W0)

2
, (4)

Root construction costs (mg C mg−1 dry weight (DW) day−1) were estimated according to
Equation (3), where the daily root growth (G) was multiplied by the root C content (assumed to be
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0.4 mg C mg−1 DW), and its construction cost (0.24 mg C mg−1 DW) [26]. Maintenance respiration
was calculated according to Equation (4) as the average dry weight between two adjacent phytomer
positions multiplied by 0.02 mg C mg−1 DW day−1.

2.5. Photosynthetic Carbon Fixation and Distribution

The mean photosynthetic rates of five young leaves measured during the experiment was
multiplied by the leaf area of the youngest five leaves measured at the destructive harvest.
The photosynthetic rate of older leaves was estimated by multiplying their recorded area by 75% of the
mean photosynthetic rate of the younger leaves. Photosynthetic rates are known to decrease with leaf
age, and this 75% weighting factor was selected to account for age-related declines in photosynthesis.
To estimate daily photosynthetic uptake, the calculated whole tiller photosynthesis rate was multiplied
by the photoperiod on the last day of each experiment; 12 h in the spring experiment and 9 h in
the autumn experiment, based on sunrise and sunset times for the latitude and dates. We assumed
that 15% of fixed C was allocated to the roots [27], and that this was distributed acropetally between
phytomer positions. The C available at any given phytomer (P) was calculated as the C available at the
preceding phytomer position (P − 1), minus the C costs of maintenance and construction respiration
costs for the roots at that position (Equation (5)). The initial C availability (C0) was reported in Table 1.

CP= C(P−1) − (Construction + Maintenance), (5)

Errors were estimated based on the sum of the estimated errors for root construction
and maintenance.

2.6. Data Analysis

Data was analyzed using a 2 × 2 factorial ANOVA for cultivar × season comparisons and t-tests
for pairwise comparisons in IBM SPSS for Windows version 24.0 (International Business Machines
Corporation, Armonk, NY, USA).

3. Results

Aberdart produced a 53.4% higher leaf area than Alto in the spring experiment, and a 49.8%
higher area in the autumn experiment (P < 0.001; Table 1). Alto and Aberdart leaf areas were 85.3%
and 81.0% higher in the autumn experiment than the spring experiment (P < 0.001). Alto exhibited a
higher photosynthetic rate than Aberdart (P < 0.001), but no effect of season was noted (P = 0.497).
Assuming 12 h and 9 h daylengths in the spring and autumn experiments, and a 15% C flux to the
roots, photoassimilate supply to the roots was approximately 3 mg day−1 higher in Aberdart than
Alto, and around 25% higher in the autumn than the spring experiments. Leaf area was the primary
driver of these differences in both cases, with photosynthetic rates less important.

Table 1. Photosynthetic parameters of Alto and Aberdart in spring and autumn (±SE).

Spring Autumn p-Value

Alto Aberdart Alto Aberdart Season Cultivar S × C
Leaf area (cm2 plant−1) 62.6 (3.3) 96.0 (4.9) 116.0 (6.5) 173.8(5.9) <0.001 <0.001 0.021

Leaf number (leaves plant−1) 6.63 (0.13) 8.10 (0.15) 8.69 (0.30) 12.25 (0.47) <0.001 <0.001 <0.001
Photosynthetic rate (mmol CO2 m2 s−1) 16.4 (0.6) 15.3 (0.5) 16.3 (0.5) 14.7 (0.4) 0.497 0.005 0.582

Assumed daylength (h) 12 12 9 9
Root C supply (C0; mg C plant−1 day−1) 7.6 10.6 10.0 12.6

While the data quality was insufficient for the curve fitting software to determine reliable estimates
of the maximum root mass values, the exponent k was lower in the spring than the autumn plants
(Figure 1; spring; k = 0.021 (95% CI; ±0.004) and 0.015 (±0.008); autumn k = 0.056 (±0.012) and 0.046
(±0.007) for Alto and Aberdart, respectively), which would relate to a lower root growth rate. In the
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autumn experiment, the majority of root growth occurred in the youngest half of phytomer positions
(Figure 1), with no difference in root mass noted between phytomers six and 12 for Alto (P = 0.558)
or six and 14 for Aberdart (P = 0.752), suggesting that the older roots were not growing. By contrast,
in spring, the roots grew at each phytomer position, which may suggest that under these conditions a
factor other than C availability mediated growth rate. During the spring experiment, the phyllochron
decreased in progressively younger roots, while in autumn the opposite pattern could be seen with
progressively longer phyllochrons at younger positions (Table 2).

Table 2. Phyllochron of Alto and Aberdart in spring and autumn (±SE).

Phytomer Alto-Spring Aberdart-Spring Alto-Autumn Aberdart-Autumn

2 7.1 (0.2) 6.1 (0.2) 8.7 (0.5) 7.7 (0.6)
3 8.2 (0.2) 7.1 (0.2) 7.7 (0.4) 6.6 (0.4)
4 7.4 (0.3) 6.8 (0.2) 7.6 (0.4) 5.7 (0.4)
5 7.6 (0.3) 7.2 (0.3) 5.6 (0.3) 5.4 (0.3)
6 8.1 (0.3) 7.3 (0.4) 5.4 (0.2) 4.8 (0.4)
7 8.7 (0.3) 8.1 (0.4) 4.9 (0.2) 4.6 (0.3)
8 8.6 (0.5) 7.6 (0.4) 5.1 (0.2) 4.4 (0.2)
9 9.2 (0.4) 8.5 (0.5) 4.9 (0.2) 4.3 (0.3)
10 9.9 (0.6) 8.8 (0.4) 4.6 (0.3) 5.5 (0.4)
11 4.9 (0.2) 4.5 (0.3)
12 4.6 (0.2) 4.5 (0.3)
13 4.5 (0.2) 4.3 (0.2)
14 4.3 (0.2) 4.5 (0.2)
15 4.3 (0.2) 4.2 (0.2)
16 3.5 (0.3) 4.2 (0.2)

Alto showed a greater range of phyllochron values between seasons than did Aberdart,
which may suggest a greater seasonality. No difference in the root mass at the oldest phytomer
position included in the model was noted either between cultivars (P = 0.627), or season (P = 0.248);
nor was there any interaction (P = 0.692). Photoassimilate supply decreased approximately linearly
with phytomer position, reaching zero at around phytomer 11 or 12 in the autumn experiment
(Figure 2).
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The calculated respiration rates, inclusive of both construction and maintenance components,
for Alto in spring and autumn were 0.025 and 0.024 mg C mg−1 day−1 respectively, with maintenance
respiration accounting for 71% and 79% of the total respiration. In Aberdart, those figures were
0.026 and 68% in spring, and 0.024 mg C mg−1 day−1 and 79% in autumn. Maintenance respiration
imposes a lower limit of 0.020 mg C mg−1 day−1, with higher values representing a greater proportion
of construction respiration. Despite their remarkable consistency across cultivars and seasons,
these figures do not appear to be inevitable conclusions of model assumptions: removing the older
half of the phytomer positions (7–12) from the Alto in autumn calculations increased the respiration
rate from 0.024 to 0.028 mg C mg−1 day−1, while in Aberdart, removing phytomer positions 8–14
increased respiration rates from 0.024 to 0.028 mg C mg−1 day−1, reflecting a greater proportion
of construction respiration. C requirements on a phytomer basis were calculated as the average
of the summed construction costs and maintenance respiration for each phytomer. Alto required
approximately 0.77 mg C phytomer−1 (±0.03) in spring, and 0.87 mg (±0.04) in autumn, while Aberdart
had calculated C requirements of 0.71 mg phytomer−1 (±0.04) in spring, and 0.99 mg C phytomer−1

(±0.03) in autumn.

4. Discussion

4.1. Developing a Phytomer-Based Understanding of Root Birth, Growth and Senescence

This work represents the first attempt to integrate plant architectural data, including estimates
of photosynthetic C-gain with root mass and position to explore the C supply–demand kinetics of
root growth and development. To achieve our goals, we used a combination of measured data and
published values for tissue construction and maintenance costs. The model estimates C demand at each
position as a function of both maintenance respiration rates and root growth. Our results suggest strong
seasonal effects on root growth rate as a result of differences in C availability. In spring, the combined
C costs increased at each phytomer position, reflected in root growth. In autumn, the modelled C
demand at each position was relatively invariant, with a shift from growth to maintenance costs
dominating over the youngest seven phytomer positions, while the C demand at older phytomers was
primarily due to maintenance respiration. In a previous study exploring the C dynamics of root growth,
Matthew and Kemball [28] found that 14CO2 labelled ryegrass plants distributed photoassimilate in an
approximately exponential pattern, with the youngest roots containing the most 14C, and increasingly
older roots containing progressively less radiocarbon. It was postulated that this distribution was
the result of differences in 14C allocation to different root classes; however, an alternate explanation
suggested by our model is that C allocated to older roots was respired, while in younger roots it was
fixed as biomass and could be measured.

In both seasons, the decrease in C available by phytomer position was broadly linear, as a result of
the approximately equal calculated C requirements for each nodal position. In the spring, despite lower
whole-plant photosynthesis, there was sufficient C to support root growth at all phytomer positions.
However, in the autumn experiment, our model suggests that the C demand of roots was greater
than the shoots’ ability to supply photoassimilate. While the youngest roots clearly had sufficient C
to grow rapidly, it is likely that the oldest roots were unable to cover maintenance respiration costs,
unless supplied additional C by a daughter tiller [25]. Under such conditions, we expect older roots to
undergo autophagy and senescence. Our model assumes a single C cost of maintenance respiration,
although it is plausible that maintenance respiration rates vary with root age or temperature. Little
research has explored this possibility.

A key insight from this research is that whereas the number of leaf bearing phytomers in ryegrass
is typically three—although it was up to ten in these experiments—the number of root bearing
phytomers was much greater (up to 17 in the autumn experiment). This is a longer duration for the
below ground root turnover cycle than the simultaneous, aboveground leaf turnover cycle.
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4.2. Seasonal Effects

The autumn plants were significantly larger and supported more roots than their spring
counterparts. Our experiments were planned such that the day length of the first day in the
spring experiment was identical to the final day of the autumn experiment, meaning that the plants
accumulated similar numbers of daylight hours. However, the distribution of these hours was inverted
between experiments, with the photoperiod increasing over the spring experiment, and decreasing over
the autumn experiment. Although the plants were grown in a glasshouse, temperature may also have
been an important factor, with long-term climatological data for the years 1980 to 2010 giving mean air
temperatures of 8.6, 9.2 and 11.0 ◦C for July through September (New Zealand spring), and 16.4, 13.6
and 11.4 ◦C for March through May (NZ autumn) [29] at the experimental location. We assume that
differences in plant mass between seasons were due to seasonal factors; however, without re-running
the experiment, we cannot rule out other possibilities, such as subtle differences in the hydroponic
solution between experiments. Furthermore, our data was derived from two experiments using two
cultivars within one yearly cycle, and caution should be exercised in the interpretation of our results.
Although our plants would almost certainly show variation between years, we expect the patterns
noted here would remain, irrespective of annual variability.

The phyllochron, and by extension the rhizochron, varied within each experiment, and were
longer in spring than autumn. Leaf appearance rates suggest that the oldest phytomers in the autumn
plants had significantly shorter phyllochrons than even the youngest phytomers in the spring plants.
Spring plants produced seven phytomers (and hence seven leaves) over the modelling period, while
in autumn Alto produced 12 and Aberdart 14 in a similar timeframe. These seasonal changes in
the phyllochron are undoubtedly biologically real, and arise from the way the tiller axis architecture
responds to changing environmental conditions over the two experiments. The phyllochron, and by
extension the rhizochron, were short at the oldest root positions in autumn plants–these roots
would have been produced toward the end of summer, when whole plant photosynthetic rates
were presumably high. There was a greater period between root initiation at the newest positions as
autumn turned to winter, and growth conditions became less favourable. In spring plants, this pattern
was reversed, with the longest phyllochrons in the oldest phytomers, decreasing in younger positions,
as environmental conditions improved. Similar to leaves, root appearance rates in ryegrass have been
shown to be strongly influenced by both light and temperature, with reduced rates under low light or
low temperature conditions [30].

Root turnover is a constant process of initiation, growth, and senescence. These processes happen
simultaneously, with young roots growing while mature roots senesce. Our model demonstrates
a seasonal shift in the balance between C gain and demand, where gain exceeds demand in the
spring, and demand exceeds gain in autumn. This ratio of C gain to demand has been posited as
an “architectural signal” [31], which varies throughout the year due to environmentally mediated
changes in the phyllochron preceding changes in the rhizochron. During spring, our data shows that
the phyllochron decreased as environmental conditions improved, with a greater number of leaves
supporting fewer roots. This is postulated to lead to an increase in the number or roots produced per
phytomer, or an increase in mean root mass. In autumn, where fewer leaves would be supporting a
greater number of roots, we would expect the oldest roots to senesce due to C insufficiency.

In this study, the majority of root growth occurred in the first 5–7 phytomer positions, both in
spring and autumn plants, although given the longer phyllochrons in spring plants, the absolute
growth rates differed greatly between seasons. Similarly, Yang et al. [18] showed a strong increase
in the frequency of root formation in winter grown L. perenne over the first six phytomer positions.
However, our plants exhibited a much higher number of leaves. The reason for this discrepancy is
not clear but may be due to the removal of daughter tillers upon formation, or our use of hydroponic
culture, while Yang et al. [18] grew their plants in a soil/sand mix and did not de-tiller their plants.
Leaf senescence can be delayed by nutrient sufficiency, and it is plausible that our plants were more
nutrient replete than in other experiments.
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4.3. Cultivar Effects

Fundamentally, the two cultivars exhibited very similar patterns of root growth and development
despite differences in shoot morphology. This may relate to their architectural structure imposing a
pattern of root initiation, growth and development which has more influence on plant morphology
than the genetic differences between them. In terms of leaf area, Aberdart was significantly larger than
Alto, and despite the lower measured photosynthetic rates, was calculated to contribute approximately
25–33% more C to the roots (Table 1). However, similar root masses at each phytomer position were
achieved by the two cultivars. Aberdart produced more phytomer positions over the modelled period
in the autumn experiment, which may be due to its greater photosynthetic capacity. The phyllochron
tended to be shorter in Aberdart than Alto, particularly in spring. Although our experiment includes
only two cultivars and two seasons, and was completed under uniform culture conditions in a
hydroponic system, meaning that due caution should be exercised, this suggests that in the absence
of other influences, root growth per phytomer position may be relatively invariant in ryegrass,
with changes in the phyllochron more important in determining total root biomass.

In the autumn experiment, Alto exhibited a greater range of phyllochron durations than Aberdart,
suggesting a greater responsiveness to environmental conditions. The phyllochron, and by extension
the rhizochron, was short at the oldest root positions in autumn plants–these roots would have been
produced toward the end of summer, when whole plant photosynthetic rates were presumably high.
There was a greater period between root initiation at the newest positions as autumn turned to winter,
and growth conditions worsened. No relationship between phyllochron and root age was apparent in
spring plants.

4.4. Model Justification

Although all models are necessarily simplifications, if they are to generate useful hypotheses they
must have some correspondence to reality. Our root mass model assumes an exponential relationship
rising to a maximum value. This model makes two main assumptions: (1) there exists a maximum root
mass per phytomer position, (2) there exists a negative relationship between root mass and growth rate
(mg day−1). The first assumption is reasonable where the system is considered to be in a steady state
of root formation and maturation, but unlikely to be universally true in the field. Plausibly, a constant
final root mass is an emergent property of the phyllochron and root growth rate, both of which are
affected by plant C status. Seasonal shifts in plant C balance would be reflected in the number of
root-bearing phytomers, with greater numbers in the autumn experiment. The second assumption
suggests a tradeoff between maintenance respiration and growth; consumption of C by maintenance
respiration leads to a decrease in the available C for growth. However, while this must hold true
for the root system as a whole, it is unclear whether this relationship holds true across phytomer
positions. Our model assumes that the daily growth rate of roots could be calculated as the difference
in estimated root mass between adjacent phytomers divided by the phyllochron. This assumes a close
relationship between leaf emergence and root initiation [18].

Our model used values of 0.4 and 0.24 mg C mg−1 DW as the C content and construction
costs for root growth, and 0.02 mg C mg−1 DW day−1 for the maintenance respiration cost [26].
Amthor [32] cited data that agrees with these values; however, other studies have calculated lower
values, with Pooter et al. [33] arriving at values between 5.5 and 8 mmol O2 g−1 DW. Assuming a C:O
stoichiometry of 2:1, this would give values ranging from 0.13 to 0.19 g C g−1 DW for construction
respiration, or a total construction cost of 0.53 to 0.59 g C g−1 DW, compared with Robinson’s value
0.64. These lower values would be more important in the younger, actively growing, phytomers,
and may decrease the higher values calculated at the first few phytomer positions. Rachmilevitch
et al. [34] estimated a specific maintenance respiratory cost of approximately 1.2 mmol O2 g−1 DW
day−1 for Agrostis plants grown at 20 ◦C. Given a respiratory quotient of 1.2, this would yield a daily
maintenance cost of 0.017 g C g−1 DW, which is close to the value of 0.02 g g−1 DW day−1 used here.
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Tiller C fixation was estimated from the mean of the photosynthetic rates of the five youngest
leaves. For older leaves, this mean was multiplied by a weighting factor of 0.75 to account for reduced
photosynthesis in older leaves. In grasses, new leaves are formed at the top of the canopy, meaning
older leaves typically inhabit lower light environments, and exhibit lower photosynthetic rates ([35]
and references therein). Although using a 0.75 weighting factor yields an imprecise estimate of tiller
photosynthesis, it is likely to over-estimate rather than underestimate the photosynthetic activity of old
leaves, and should be sufficiently realistic to gain a broad understanding of plant C status. Changes in
the weighting factor should have relatively little effect on photosynthetic estimates in spring plants,
which averaged between 6.6 and 8.1 leaves, while in autumn, changes in the weighting factor would
have a bigger influence given the greater number of leaves noted (Table 1). Root C allocation was
estimated at 15% of fixed C, in line with previous studies [25,27]. Changes in the weighting factor
or root allocation would affect the quantity of C available to the roots, although the general patterns
identified by our model would remain the same.

Respiration rates are known to be affected by short-term changes in environmental temperature,
but after an acclimation period may be relatively invariant [36], and seasonal shifts in temperature
may have little effect on specific respiration rates. Root construction costs are generally thought to
be unaffected by environmental temperature, given that the energetic requirements of cell division,
etc., should not be variable. Scheurwater et al. [37] measured the rates of root respiration in a range of
forage grass species, finding comparatively little variation between the nine species used. Only minor
differences in growth and maintenance respiration values were noted between fast and slow-growing
species, although ion uptake costs were calculated to be around three times higher in the slow growing
Festuca ovina than the fast growing Dactylis glomerata. This comparative consistency between a wide
range of species may give our model a relatively broad applicability. Across species, respiration rates
scale isometrically with plant mass and N concentration, and are relatively unaffected by environmental
factors, such as light, N availability, temperature and atmospheric CO2 levels [38], although this does
not preclude variability within species to environmental conditions.

Specific root respiration rates decrease with plant age [34], which may be related to the proportion
of the root system involved in active growth. In our experiment, the smaller spring roots were
calculated to have higher specific respiration rates. Furthermore, removing the older half of the
phytomer positions from the autumn datasets led to 17.5% and 18.3% increases in the calculated
specific respiration rate in Alto and Aberdart respectively. Given that the metabolism of older roots
is dominated by maintenance respiration, while the younger roots are actively growing, this may
be unsurprising. The fraction of C used for growth was around 80% in spring but 70% in autumn
plants, suggesting that the balance between new growth and maintenance changes with standing
root mass. Our model assumes maintenance respiration rate to be broadly the same between roots
of different ages. However, previous studies in grape rootstocks (Vitis rupestris × Vitis riparia) have
shown significantly higher respiration rates in young roots, along with high rates of N influx [39],
although it seems likely that longer lived roots of woody plants behave differently than grass roots.

Although our model has been developed in ryegrass, it should be broadly applicable to the
majority of agronomically important temperate pasture grass species, given that they share the same
phytomer-based morphology. An exponential increase to a maximum for root mass at successively
older phytomer positions should be a broadly applicable assumption for grass species, although may
vary between different groups (e.g., between cereal species and pasture species) due to differences in
leaf longevity or initiation rates. Our model was developed under standard hydroponic conditions,
where each root would have been subject to similar conditions, allowing us to observe the underlying
patterns of root initiation and growth. However, in the field, local conditions such as nutrient patches or
uneven water availability would cause changes in root growth patterns and C allocation, complicating
the patterns seen here. Similarly, our model is limited in dealing with only younger roots. Fitter [12]
estimated the half-life of grass roots in Festuca ovina dominated turves at 50–60 days, although a small
percentage of roots survived for two years or more. Despite these limitations, and the need to conduct
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measurements in a wider variety of species and conditions, we feel our model is able to yield important
insight into the regulation of C allocation within the root system of perennial grass plants.

In conclusion, we developed a phytomer-based model of root growth, which suggests an equal
sharing of C between roots of different ages. Our model suggests that photoassimilate use is split
between maintenance respiration and the production of new biomass, with older root growth strongly
constrained by their high C requirements for maintenance. This model allowed us to reanalyze
noted patterns of photoassimilate distribution in previous isotope labelling studies, emphasizing
the importance of maintenance respiration in understanding root system development. The model
provided evidence in favor of the “architectural signal” hypothesis as the mechanism underlying
changes in root mass under changing environmental conditions. Overall, this work provides novel
insights as to how the distinctive phytomer-based architecture in perennial ryegrass, a member of the
Poaceae, confers specific properties to patterns of plant growth and development.
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