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Abstract

Background: Fast growing invasive alien species are highly efficient with little investment in their tissues. They often
outcompete slower growing species with severe consequences for diversity and community composition. The plant
economics trait-based approach provides a theoretical framework, allowing the classification of plants with different
performance characteristics. However, in multifaceted background, this approach needs testing. The evaluation and
prediction of plant performance outcomes in ecologically relevant settings is among the most pressing topics to
understand and predict ecosystem functioning, especially in a quickly changing environment. Temperature and nutri-
ent availability are major components of the global environmental change and this study examines the response of
growth economic traits, photosynthesis and respiration to such changes for an invasive fast-growing (Bromus horda-
ceus) and a slow-growing perennial (Bromus erectus) grass species.

Results: The fully controlled growth chamber experiment simulated temperature—and changes in nitrogen avail-
ability individually and in combination. We therefore provide maximum control and monitoring of growth responses
allowing general growth trait response patterns to be tested. Under optimal nitrogen availability the slow growing B.
erectus was better able to handle the lower temperatures (7 °C) whilst both species had problems at higher tempera-
tures (30 °C). Stresses produced by a combination of heat and nutrient availability were identified to be less limiting
for the slow growing species but the combination of chilling with low nutrient availability was most detrimental to
both species.

Conclusions: For the fast-growing invader B. hordeaceus a reduction of nitrogen availability in combination with a
temperature increase, leads to limited growth performance in comparison to the slow-growing perennial species
B.erectus and this may explain why nutrient-rich habitats often experience more invasion than resource-poor habitats.

Keywords: Plant trait coordination, Stress physiology, Nutrient availability, Invasive species, Functional type,
Ecophysiology, Carbon, Strategy, Root
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resource-use efficiency [18] and they are typically species
located on the ‘fast’ end of the productivity-persistence
trade-off axes [13]. The ‘plant economics spectrum’ con-
cept provides the theoretical framework to arrange plant
species from the ‘fast’ end of the productivity-persistence
trade-off axis to taxa with ‘slow] conservative life traits.
It integrates across leaves, stems and roots and is a key
feature helping to explain individual ecological traits,
community assembly processes and the functioning of
ecosystems [48]. According to Reich [48], a fast or a slow
growth strategy each requires a particular set of leaf, root
and stem traits. Plants with a slow growth strategy will
have low respiration rates, low nutrient concentrations,
dense tissues, with low water movement and loss capaci-
ties across all plant tissues. In contrast, fast-growing spe-
cies are highly efficient in transporting water, in acquiring
and using nutrients and in fixing carbon, but invest less in
their tissues (whether root, stem, or leaf). The plant indi-
vidual performance results from the coordinated opera-
tion of many processes, such as nutrient uptake, organ
turnover or photosynthesis, thus a prediction requires a
certain set of traits. A plants economy is determined by
its handling/usage of three key resources: carbon, water,
and mineral nutrients, and the most critical functional
and eco-physiological traits relevant to these.

Functional traits encapsulate the relative and overall
constitutive adaptation of plants by revealing the strate-
gies developed under evolutive forces. Therefore, func-
tional traits inform on the overall level of environmental
stress in each environment. The most prominent func-
tional trait relevant to the plant’s carbon economics is
the specific leaf area (SLA, defined as the amount of leaf
area per unit leaf weight). SLA is widely used as a proxy
to predict a plants position on the resource use axis [60]
and can be considered as the prime factor determining
interspecific variation in relative growth rate (RGR, [28].
By definition, leaves with a lower SLA are denser (greater
mass per volume) or thicker [46] and tend to invest more
in structural leaf defences [9]. The reciprocal of SLA, the
leaf mass per area (LMA) is also frequently used [28] as
an indicator of plant function [16] and to position a spe-
cies along an axis based on resources acquisition. The
root to shoot ratio (R:S) is a measure of allocation of bio-
mass to roots in relation to aboveground biomass, and
can be interpreted according to the “optimal resource
partitioning strategy”

Fast growing species are characterized by having low
LMA and high SLA and vice versa for slow growers. For
evaluation of a plants nutrient economy, functional traits
like nitrogen and phosphorus content, the carbon to
nitrogen ratio (C:N) ratio and the nitrogen use efficiency
(NUE) are widely used. Nitrogen concentrations are a
common leaf and root trait syndrome that links traits to
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effects on whole plant processes [55]. The C:N ratio of
an organ is often regarded as a convenient indicator of
growth and quality, and can also be considered as a good
indicator of secondary compound concentrations in all
plant organs. The NUE (increase in dry weight per unit
of nitrogen) describes the efficiency of carbon incorpora-
tion into biomass [30].

Other than functional traits, ecophysiological traits
condense acclimative processes in an individual plant and
they can account for variations in flows of material and
energy. The most prominent ecophysiological traits rel-
evant to the plant’s carbon economics are respiration (R)
and net photosynthesis (NP, [48]). Products from photo-
synthesis account for approximately 90% of a plant's dry
weight, therefore the photosynthetic properties of a plant
are the basis to understand any variation in growth. How-
ever, the daily carbon budget of a plant is also strongly
influenced by respiration because approximately 50% of
the fixed carbon is respired [44]. Respiration takes places
in all plant organs and is therefore very important when
whole plant carbon economics are to be understood.

The major outcome of the plant economics trait-based
approach is to evaluate performance outcomes in eco-
logically relevant settings. Many studies exist that test
the variability of these traits in response to changes of
one parameter, such as irradiance [4, 33], nutrient avail-
ability [1, 10, 54], water availability [35-37], and tempera-
ture/climate [41, 62]. Under natural conditions, plants
are often exposed to complex stresses from several of
these resources and the impact of combined effects has
been examined under simultaneously varying nutrient
and light availabilities [4, 22, 49] as well as nutrient and
drought stress [51]. The response of plants to combina-
tions of two or more stressors is unique and cannot be
directly extrapolated from the response of plants to each
stressor applied individually [53]. The simultaneous
occurrence of different stressors results in a high degree
of complexity in plant responses because the responses
are largely controlled by different, and sometimes oppos-
ing, signalling pathways that may interact, both positively
and negatively [53]. The question remains open whether
the categorisation, implemented by the plant economics
spectrum approach, remains valid when individuals of
one species are exposed to different and combined effects
of stress [11]. For example, it is shown that single-factor
studies could be inadequate to forecast plant responses in
a climate change scenario [38].

In the climate change context especially, stresses pro-
duced by a combination of temperature (both chilling
and heat) and nutrient availability were identified as a
white spot on the plants stress response matrix [53].
Consequently, we aim to help fill this knowledge gap, by
testing the generality of trait relationships and analysing
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how shifts in temperature and nutrient stoichiometry
influence plant functional and ecophysiological traits.
The traits we study are considered as ‘hard’ traits, with a
direct functional role such as carbon fixation, leaf instan-
taneous photosynthetic rate, nutrient uptake [21, 31]
or SLA [46]. We test a fast-growing, invasive, annual C,
grass and a slow-growing perennial species. To differen-
tiate the temperature and nutrient effects, we chose an
experimental approach (aeroponic growth chambers)
that allows maximum control and monitoring of con-
ditions. We formulate three hypotheses in which trait
based plant economics strategies are evaluated against
changes in (i) nutrient availability and (ii) temperature
individually, and in combination (iii).

(i) Nitrogen limitation will limit growth performance
independent of growth strategy but via different
routes. While slow growing species have evolved
functional traits resulting in a more conservative
life strategy that allows growth in low nutrient con-
ditions, fast growing, invasive species will employ
resource conservative ecophysiological traits in
response to nutrient shortage.

(i) Temperature affects the plant’s energy balance and
metabolic rate. As a response, fast growing annual
and slow growing perennial species will respond
with similar changes in their ecophysiological trait
coordination.

(iii) The individual effects of nutrient or temperature
stress are additive when applied in combination.
Potential benefits of a more conservative life strat-
egy in slow-growing plants through functional
traits vanish when ecophysiological trait coordina-
tion is needed as well.

Results

Because of the multivariate nature and the various inter-
actions, the results are structured to focus on the com-
parison between the species. Each parameter will be
presented separately starting with the comparison of free
access nitrogen (FA) for both species against tempera-
ture, followed by the low access nitrogen (LA) for both
species against temperature.

Proof of concept
For both species, RGR and carbon gain were highest
when plants were grown at 20 °C with free access nitro-
gen (Fig. 1a). The LMA values were within the expected
range for these species ((52416 g/m? for B. erectus vs.
1042 g/m? for B. hordeaceus [42, 57].

At 20 °C, the fast-growth life strategy was validated
for B. hordeaceus because RGR and NP, were almost
twice as high as for B. erectus (Figs. 1, 2), C:N ratio was
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very low, and LMA significantly lower than for B.erectus
(T-test: t=5.6, df=8, p<0.005). The more conservative
life traits were shown by B. erectus supporting a slow-
growth strategy in this species.

Both species showed the expected suite of characters
for their particular growth strategy when grown at 20 °C,
FA (Table 1). B. hordeaceus had higher RGR, SLA, NP, ..,
and lower NUE, C:N and R:S ratios than B.erectus, the
slow growing species.

Relative growth rate

For both species, RGR were highest when plants were
grown at 20° with FA conditions (Fig. la) but there
were species-specific responses at other temperatures.
The slow-growing B. erectus maintained RGR at a high
level at 7 °C and around 20% lower at 30 °C whilst the
fast-growing B. hordeaceus, showed a strong reduction
(around 45%) at both 7 °C and 30 °C so that it had a very
clear maximum at 20 °C (Table 1).

Under LA conditions, the slow-growing B. erectus
had similar RGR at all three treatment temperatures at
around 65% of FA at 20 °C. In contrast, the fast-grow-
ing B. hordeaceus again showed a maximum at 20 °C,
although this was about 70% of the rate at FA. RGR at
7 °C and 30 °C were almost identical to rates for the slow-
growing B. erectus at those temperatures.

Specific leaf area

For both species SLA was maximal under FA conditions
at 20 °C which was significantly higher for the fast-grow-
ing B. hordeaceus (p=0.016; df=8; t=2.58; Fig. 1b). B.
hordeaceus had a similar SLA at 7 °C and 30 °C, which
was about 55% of the maximum. The slow-growing B.
erectus showed a similar pattern, but SLA was much
more reduced at 7 °C than at 30 °C, 36% versus 87% of
maximum (Table 1).

Under LA conditions the response patterns varied
between the species. The slow-growing B. erectus showed
a reverse pattern to FA conditions with lowest SLA at
20 °C. SLA was very much higher at 7 °C and 350% higher
than in the FA treatment;, and a similar level at 30 °C
as under FA conditions. In complete contrast, the fast-
growing B. hordeaceus had an almost stable SLA with a
small and steady decline (Table 1).

Net assimilation rate

In the FA treatment, the slow-growing B. erectus had
almost identical net assimilation rate (NAR) at 20 °C and
30 °C. At 7 °C NAR almost doubled (Fig. 1c). Rates for
the fast-growing B. hordeaceus were similar at all three
temperatures and, in general, about 30% higher than for
B. erectus.
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Table 1 Growth parameters
Parameter N-treatment Temp (°C) Bromus erectus Bromus hordeaceus Test statistics
t df p
RGR (mg/gd) FA 7 109 74
20 113 192
30 85 82
LA 7 71 60
20 81 135
30 76 77
NAR (g /m?d) FA 7 8.2 42
20 34 4.6
30 36 40
LA 7 2.1 1.8
20 36 4.1
30 33 32
SLA (m?/kg) FA 7 17£23 3081 9.2 8 0.00
20 47+£53 57493 26 8 0.02
30 41+£275 344190 08 8 0.21
LA 7 59+54 58+97 6.8 8 0.00
20 33+64 54437 4.8 8 0.00
30 44+£123 53+152 1.0 9 0.17
R:S ratio FA 7 0.52+0.04 0.63+0.06 09 12 0.18
20 042+0.03 0.39+0.02 0.1 12 046
30 040+0.02 0.37+£0.02 0.7 12 0.26
LA 7 046+0.03 0.63+0.06 14 12 0.08
20 047+0.04 0.56+0.05 0.8 12 0.22
30 0.84+0.19 0.83+0.14 0.1 12 047
NUE (g/g) FA 7 252.74+1338 221.14+179 3.1 8 0.01
20 205.1+84 187.2+72 36 8 0.01
30 277.7+£19.8 21664188 50 8 0.00
LA 7 241441238 27004317 1.9 8 0.05
20 296.7+£22.1 2869477 09 8 0.18
30 442541036 20844157 34 8 0.00

Mean relative growth rate (RGR, mg/g d), net assimilation rate (NAR, g/m~2 d) and specific leaf area (SLA, m?/kg), root to shoot ratio and nitrogen use efficiency
NUE (g/ g) of the fast-growing Bromus hordeaceus and the slow-growing Bromus erectus, when grown at 7 °C, 20 °C, or 30 °C, with free access (FA) or 50% access (LA)

nitrogen

SLA, R:S ratio and NUE values are the average of 5 plants sampled with a fully expanded third leaf (+ standard deviation). Test statistics show results from T-tests

between the species

Under LA conditions, there was little difference
between the two species in pattern and response to tem-
perature (Fig. 1c). Both species had their highest NAR at
20 °C and lower and similar values at 7 °C and 30 °C.

Root: shoot ratio

B. erectus and B. hordeaceus showed a similar response
pattern in the FA treatment. The R:S ratio was declining
with increasing temperature from 7 °C to 20 °C (Table 1;
F,,3=3.13; p=0.05), remaining constant at 30 °C. Under
LA conditions, the R:S ratio was significantly increased
in both species compared to FA conditions (Table 1;

F,,,=11.59; p=0.002). In response to the combination
of warming (30 °C) and low nitrogen availability the R:S
ratio was higher for both species but more so, almost
doubled, in the slow-growing B. erectus (Table 1).

C:N ratio

Under FA conditions, both species had their lowest ratios
at 20 °C and the ratio was increased at higher and lower
temperatures (Table 2), with this effect being greater in
the slow-growing B. erectus (Fig. 1d). The pattern of
response changed markedly at low nitrogen supply with
both species showing a significant (1.7 fold) increase in
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Table 2 Physiological response
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Parameter N-treatment Temp (°C) Bromus erectus Bromus hordeaceus Test statistics
t df p
Net photosynthesis (nmol/g s) FA 7 1949427 3890+53 56 3 0.01
20 268.13+13.1 518.51+428 9.6 2 0.01
30 18335+715 404.52+£4573 82 2 0.01
LA 7 11.12+£4.0 172678 1.2 3 0.31
20 186.39+71.5 296.114+19.84 2.5 2 0.12
30 54934+11.1 2554+14 4.5 2 0.02
Respiration in the dark (hnmol/g s) FA 7 642+£12 16.68+£6.5 2.7 2 0.11
20 99.66+ 184 183.74+533 25 2 0.12
30 10243+33 2216941435 45 2 0.04
LA 7 6.12+£1.2 6.81+1.24 0.6 4 0.53
20 66.03+ 164 90404254 13 3 0.25

Rates of net photosynthesis and leaf respiration in the dark under their respective growth conditions (ex: plants that where grown at 20 °C were measured at 20 °C,

plant that were grown at 30 °C were measured at 30 °C)

Values are means of n=3 samples and shown with standard deviation. Test statistics show results from T-test between the species

C:N ratio. In response to temperature, the slow-growing
B. erectus showed a more mixed response with a marked
increase (60%) at 30 °C and a decline (10%) at 7 °C. The
fast-growing B. hordeaceus had higher ratios overall with
a steady decline with a rise in temperature.

Nitrogen use efficiency

Under FA conditions, both species B. erectus and B.
hordeaceus showed a similar pattern of response, being
minimal at 20 °C (p=0.003, Fig. 2b). NUE rates were
higher but similar, at 7 °C and 30 °C with the fast-growing
B. hordeaceus always having lower values, 12% at 7 °C
and 22% at 30 °C (p=0.007 and p=0.000, respectively).
Responses of NUE to low nitrogen availability were
species-specific (Table 1). In the slow-growing B. erec-
tus NUE increased slightly from 7 °C to 20 °C, and then
markedly at 30 °C, resulting in a 59% higher NUE when
compared to FA conditions. In contrast, the fast-growing
B. hordeaceus had similar NUE at 7 °C and 20 °C, which
then declined to only 208.4 g/g at 30 °C.

Leaf carbon uptake and release
For both species, the uptake rates were highest when
grown at 20 °C with those for the fast-growing B. hordea-
ceus being twice as high as those for the slow-growing
B. erectus (Fig. 2a). Both chilling and warming reduced
these rates, with NP_,, close to zero at 7 °C for both spe-
cies but a smaller decline at 30 °C. Under LA conditions
the response pattern for both species remained similar to
that under FA conditions (Fig. 2a) but rates at 20 °C and
30 °C were lower than under FA.

Leaf respiration rates in the dark were highest at 30 °C
growth temperature with those of the fast-growing B.

hordeaceus being twice as those of the slow-growing B.
erectus (Table 2). At LA conditions, the dark respiration
rates had a maximum at 20 °C.

Optimal temperature for photosynthesis (T,

Under FA conditions both species showed very similar
responses in the temperature for optimal net photosyn-
thesis, T, (Fig. 3). T, was almost identical to growth
temperature at 20 °C and 30 °C indicating that acclima-
tion to these warmer growth temperatures was realised.

35
® B. erectus
A
30 A B. hordeaceus
° —low access N
g 25T —full access N
o
-o20F ,
§
o5t
1,0 A s
A
0,5 1 1 1 1 1
5 10 15 20 25 30 35
Temperature (°C)
Fig. 3 Optimal growth temperature. Displayed is a ratio between
the optimal temperature for photosynthesis (T, ) and the growth
temperature during the experiment. These values are related to the
growth temperature to visualize deviations and acclimation. A ratio
of one indicates that the optimal temperature matches the growth
temperature, values above one indicate that the optimal temperature
was higher than the growth temperature and vice versa
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However, acclimation was less obvious at 7 °C with T,
being more than twice as high as the growth tempera-
ture. Under low nitrogen delivery, this pattern remained
similar for both species with the exception that T, was
closer to the actual growth temperature at 7 °C.

opt

Daily carbon budget

Under FA and at 20 °C, the fast-growing B. hordeaceus
lost only one-fourth of its daily available carbon via root
and leaf dark respiration, while this was more than a
half for the slow-growing B.erectus (Fig. 4). At 7 °C, this
pattern remained almost identical in both species, but
the total amount of available carbon (size of the circle)
was much reduced in the fast-growing B. hordeaceus,
but remained almost identical for the slow-growing B.
erectus. At 30 °C total available carbon decreased and
because total respiration losses increased in both spe-
cies the available carbon fraction was cut to one-fourth
(Fig. 4).

Under LA conditions total available carbon for the
slow-growing B. erectus was almost constant at all tem-
peratures with totals being lower than at FA at 7 °C and
20 °C but almost identical at 30 °C (Fig. 4). In contrast,
total available carbon for the fast-growing B. hordea-
ceus was highest at 20 °C, almost twice that at the other
temperatures, with the total being lower than under FA
at 7 °C and 20 °C but, as for the slow-growing B. erectus,
almost identical at 30 °C. The proportion of total avail-
able carbon allocated to root respiration was higher than
in FA which lowered the daily available carbon fraction
in both species, but much more so in the fast-growing
B. hordeaceus. At 30 °C, carbon losses, due to increased
root and dark respiration, were maximal in both species
and resulted in the smallest available carbon fractions
(Fig. 4).

Discussion

Our results indicate clear differences in trait coordina-
tion between a slow growing grass perennial and a fast
growing, invasive competitor. Any fast acclimation to
growth conditions via ecophysiological trait adjustments
is costly, especially when low metabolic rates associated
with low growth temperatures occur in combination with
nutrient depletion. By having a set of well-conserved
adaptive functional traits, slow-growing perennials might
have benefits when handling such a combination of
stressors.

A slow grower’s response to changes in growth
temperature, nutrient limitation and their combination
Plant traits are strongly correlated with temperature [39]
and at 7 °C B. erectus had almost identical RGR as at 20 °C
(control conditions) due to a well-balanced adjustment
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of its functional traits. Because NAR and SLA are co-
dependent in the calculation of RGR [28], for RGR to
remain at levels similar to control conditions, the signifi-
cant decrease in SLA involved a simultaneous increase
in NAR (more than double to that of control conditions
(Fig. 1c)). This indicates that, at low temperature, the net
dry weight gain was converted to higher investments in
leaf stability, making them thicker and more sustainable
and agrees with the common response of plants when
grown at low temperatures [32, 61]. Surprisingly, grow-
ing in the cold also resulted in higher investments in
root tissue, although root growth is usually known to be
limited at temperatures ~ 6 °C (Alvarez-Uria and Korner
[2]). These results could be explained via a the following
response cascade starting with the carbon uptake in the
leaf: At 7 °C, due to a lack of thermal acclimation of net
photosynthesis (Fig. 3), carbon uptake rates were much
reduced (Fig. 2a, Table 2). As a response to operating at
such low, sub-optimal uptake rates, NUE was increased
to enhance the efficiency of carbon incorporation into
biomass (Fig. 2b). For the plant’s growth economics,
this is a costly process, which was displayed in a higher
C:N ratio. The higher C:N ratio in the leaves can then be
the trigger for the plant to allocate biomass investments
towards the root in order to increase the surface tissue
for nutrient uptake according to the “optimal resource
partitioning strategy” According to this model, plants
respond to environmental factors that limit the acquisi-
tion of below-ground resources relative to above-ground
resources by shifting their partitioning to tissues associ-
ated to gaining the relatively limiting resource [5].

In contrast to the cold temperature response, the RGR
of B.erectus was reduced when growing at higher tem-
peratures (30 °C) (Fig. la). This occurs because NAR
remained at the same level as at the 20 °C growth tem-
perature but SLA decreased, which is a typical response
of plants to warming [23]. In comparison to growing at
20 °C, the carbon uptake rates were reduced (Fig. 2a,
Table 2), while simultaneously, respiration rates increased
(Table 2). Temperature is known to have a crucial influ-
ence on respiratory CO, efflux [3] and therefore the daily
carbon budget of a plant [32]. As a result, the carbon
losses were so high that the available carbon fraction for
growth was cut to one-fourth (Fig. 4) making it impossi-
ble for NAR to increase.

Limited nitrogen delivery changed the response pat-
terns and the previously described reaction norm of the
slow growing B.erectus in response to temperature. Now,
RGR was generally reduced to around 65% of FA condi-
tions and was even lower at both treatment temperatures
(7 °C and 30 °C). The cold + low nitrogen treatment could
be identified as the most limiting for B.erectus, despite
having adjusted so well under FA conditions. Neither the
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Fullaccess N Low access N
B.hordeaceus B.hordeaceus
7°C
B.erectus B.erectus
B.hordeaceus B.hordeaceus
20°C
B.erectus B.erectus
B.hordeaceus B.hordeaceus
30°C
B.erectus B.erectus
P root respiration P dark respiration available carbon
Fig. 4 Daily carbon budget. Dry weight-based rates for net photosynthesis, dark respiration and root respiration rates were converted to a per day
basis and the daily rates were weighted according to the number of hours that each gas exchange parameter took place (NP:16 h; DR: 8 h and RR:
24 h). The total size of the circle reflects the RGR that is normalized for fast-growing B.hordaceus at control conditions to 100%

up-regulation of NAR, nor the down regulation of SLA  to up regulate NUE (Fig. 2b) under LA conditions. In
demonstrated under FA conditions was realised, resulting  order to compensate for the lower nutrient availability,
in lower RGR most possibly linked to a limited potential  the close functional coordination between root and shoot
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traits [59] resulted in higher investments in root biomass
(accompanied with higher root respiration losses) indi-
cating that leaf-acquired resources are linked to the root
economics and vice versa.

In direct contrast, when B. erectus was exposed to
warming (30 °C) in combination with LA conditions,
the growth was less affected and only slightly lower than
under FA conditions. However, due to increased root and
leaf dark respiration rates the amount of available carbon
resources were at their lowest (Fig. 4), and, to improve
the efficiency of carbon incorporation into biomass,
NUE was highest. As found at 7 °C under FA conditions,
this process appears to be costly and results in high C:N
ratios and also the highest R:S ratio, indicating a coordi-
nated variation of root and shoot nitrogen content as well
as SLA [11, 12]. For B. erectus, this could reflect the spe-
cies’ habitat specialisation, as B. erectus’ favoured habi-
tat types are warm—nutrient-poor environments such as
calcareous grasslands of the Mesobromion alliance [17],
of which it is a characteristic, name-giving species. In
general, species with a slow-growing traits syndrome are
more successful under low nutrient conditions [11, 12,
27, 34].

What is different in the fast-grower?

In contrast to B. erectus, B. hordeaceus had a fast-grower’s
life strategy and grew twice as fast, had doubled NP,
and significantly higher SLA at 20 °C with FA conditions.
This also displays the invasive character of B. hordeaceus,
because invasive alien species are known to have higher
values for performance-related traits than non-invasive
species [56]. The following section highlights the differ-
ences in the reaction norm to changes in growth tem-
perature, nutrient supply and their combinations for B.
hordeaceus in comparison to the slow-growing B. erectus.

The main difference was that B. hordeaceus had a sharp
maximum in RGR at 20 °C and could not shift to grow
well at higher or lower temperatures. Although NAR, in
general, was about 30% higher in B. hordeaceus than in
B. erectus, the impossibility to adjust NAR in response to
temperature resulted in a drastic decrease in RGR. When
exposed to warm growing temperatures RGR was then
similar to those of the slow growing B. erectus and when
exposed to cold temperatures RGR were even below
those of B. erectus.

‘Fast’ traits, are costly in the face of any kind of resource
shortfall [48], and fast-growing species are less tolerant
to any changes in resource availability (whether water,
nutrients or light). It has been shown previously, that the
relatively low rates of root respiration in fast-growing
grasses in comparison to slow growing ones are a result
of the lower costs for nutrient uptake [52]. Thus, it is not
surprising to find that LA conditions had more severe
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effects the total carbon budget of B. hordeaceus than of
B. erectus. Especially when exposed to a combination of
cold growing temperatures and restricted nitrogen sup-
ply, the inability to adjust SLA and NUE (which was the
response of B. erectus leading to only 10% reduction of
RGR) results in the lowest RGR, which is less than 50%
from LA 20 °C levels and even below that of B. erectus.
Such a strongly limited growth performance was also
shown when nitrogen limitation occurred in combina-
tion with warmer growth temperature; conditions that
did not greatly affect RGR of B. erectus (Fig. 1a). Here,
for B. hordeaceus RGR was almost halved together with
a reduction of NUE and an increase in R:S of less sig-
nificance than in B. erectus. Effects on the daily avail-
able carbon fraction were additive, such that the uptake
rates were reduced by temperature plus the carbon losses
were higher because of increased root respiration due
LA conditions (Fig. 4). From the plant carbon economics
perspective, this meant that any resource allocation as a
response to environmental changes became problematic,
simply due to the fact that available resources were low.

Conclusions

We can support our initial hypothesis that nitrogen limi-
tation will limit growth performance independent of
growth strategy because we saw that the 50% reduction
of N-availability at optimal temperature decreased RGR
to the same amount in both species. However, both spe-
cies seem to use the same mechanism to achieve this
(increasing NUE). A good nutrient acquisition capacity
could be the result of low biomass density at least in the
fast-growing grasses [50]. As an additional explanation it
needs to be considered that although the nitrogen avail-
ability was reduced to 50% in the growth units, the nutri-
ent availability was still higher than it would be within a
nitrogen depletion scenario in natural conditions (such
as found in a limestone grassland, [26]. However, for our
approach, the decision to reduce N by 50% displayed an
experience-based trade-off between experimental han-
dling (overall time of the plants in the growth units) and
effect size, which was proven to be significant in most
treatments.

Temperature affects leaf energy balance [20, 29], met-
abolic rate [19] and plant growth rate [32], and many
ecological traits are known to be correlated with tem-
perature [45], Went 1953), including leaf nutrient content
or leaf mass per unit area and leaf lifespan [47, 62]. On a
global basis, mean annual temperature has been shown
to strongly correlate with plant traits [39] but slow- and
fast-growing species did not appear to differ in their plas-
ticity of RGR in response to growth temperature [32].
Therefore, our second hypothesis handled the response
of plant ecophysiological traits to changes in temperature
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and we were suggesting this to be independent of growth
strategy (fast vs. slow). Our results support this hypoth-
esis by showing that significant increases in carbon
losses via both shoot and root respiration, a reduction of
the root biomass and inflexible NAR values, were simi-
lar responses to changes in temperature in both species.
Most prominent, in response to chilling, the unaltered
carbon budget pattern as a result of a uniform reduc-
tion of the absolute rates carbon uptake and release rates
(Fig. 4), was uniform across species and growth strategy.
Nevertheless, the effect size of these responses was con-
sistently higher in the fast-growing B. hordeaceus than it
was in the slow-growing B. erectus and this led to more
drastic effects in RGR reduction in the fast-growing spe-
cies. Accordingly, the fast-growing B. hordeaceus showed
a marked optimum at 20 °C growth temperature whilst B.
erectus did not.

Finally, we posed the question of whether potential
benefits of a more conservative life strategy in slow-
growing plants through functional traits vanish when
ecophysiological trait coordination is needed as well, in
a combined stress scenario. Our results imply, that for
the fast-growing invader B. hordeaceus a reduction of
nitrogen availability in combination with a temperature
increase may indeed lead to a disadvantage in compari-
son to the slow-growing perennial species B.erectus and
this may explain why nutrient-rich habitats often experi-
ence more invasion than resource-poor habitats [6, 14].
However, the absolute values of traits (such as RGR, SLA
or NP ..) were similar between fast-and slow-growing
species when the plants where grown at suboptimal tem-
perature and at low- nitrogen availability. This implies
that any differentiation between the two growth strat-
egies becomes difficult in such a scenario and a growth
strategy convergence can occur as a result from com-
bined stress effects.

Methods

Species selection

This research was concentrated on graminoids because,
not only were they suitable for the experimental condi-
tions (growth units) but they are also the dominant veg-
etation in many habitats, including grassland, salt-marsh,
reed swamp and steppes and include some of the most
versatile plant functional types. We selected two C; grass
species, Bromus erectus and Bromus hordeaceus.

B. hordeaceus is a grass species native to Europe. It
has several features shared by successful invasive species
including a short life cycle and a predominantly autoga-
mous breeding system (CABI [7]). It is an annual species
of grass (Poaceae) and flowers from May until July [8]. B.
hordeaceus has been introduced into parts of North and
South America and Australia. It is a weed of crop fields,
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grasslands, orchards and turf where it competes with
native vegetation and monopolizes resources. The spe-
cies is described to be fast growing and to have a very low
LMA (LMA =20 g/m?) even in comparison to other fast-
growing species [57].

B. erectus is a grass species also native to Europe. It
is a medium-tall grass which forms loose tussocks and
produces few tillers. It is a perennial grass that flowers
in May/June [8]. This species is mainly found on warm,
well-drained, calcareous soils in upland areas. The spe-
cies is described to have a resource-acquisition strategy
as a slow growing species (LMA = 60.54 g/m?, [42]).

Experimental design

Seedlings were germinated on a mixture of sand and
vermiculite (1:1). Immediately after the appearance of
the second leaf, seedlings were removed from the sand,
washed carefully and placed into custom-made aero-
ponic growth units (Biotronic AB, Sweden) that allow
accurate control over the nutrient supply to the plants
[25]. One growth unit contained up to 84 seedlings.
Four growth units (2 for each species) were placed in a
growth cabinet with a selected constant temperature,
16-h light period (7 am—-11 pm) with a light intensity of
200 pmol photons/m? s and 70% relative humidity. The
temperature of the nutrient solution was kept the same as
the air temperature, with a maximum deviation of £1 °C.
After transplantation, plants were first acclimated to the
growing conditions in the aeroponic units, and this was
determined to be completed once the pH and the con-
ductivity of the medium solution became stable and the
nutrient uptake had recovered as assessed by regular
nutrient titrations being necessary (pH 5.5, conductivity
99-101 pS in 6 dm? solution).

The experiment consisted of 6 treatments for each spe-
cies, in a 3 x 2 factorial design: three temperature condi-
tions (7 °C (chilling), 20 °C (control) and 30 °C (warming))
and two nutrient conditions (free access and low access
(50% reduced) nitrogen). Plants incubated at 20 °C were
considered the control group because this temperature
has been described to be optimal for grasses from steppe
or meadow vegetation in Europe [30]. Under free access
nitrogen (FA) treatments, the seedlings were supplied
with mineral nutrients in a proportion that was known to
be optimal for growth [24], with a nitrogen concentration
that was low, but optimal (30£2 mg in 6 dm? solution,
[25]. In the nitrogen limited (LA) treatments, the propor-
tion of N in the stock solutions was reduced by 80% and
nitrogen supply was adjusted manually on a daily basis
using a 1 molar ammonium-nitrate stock solution, so that
the N supply (as mg N/day) was reduced to 50% of that
required by the seedlings for optimal growth. The supply
of all the other nutrients remained unchanged.
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Growth analysis

Harvests for the growth analysis were performed at regu-
lar intervals each with five replicates of each species. The
plants were divided into leaves and roots. Fresh and dry
mass (after 4 days in the dry oven at 80 °C) were recorded.
Leaf area was measured using a LI-COR Li-3000C leaf area
meter (LI-COR Inc., Lincoln, NE, USA). The dry mate-
rial was ground to a fine powder using a mortar and pes-
tle and analyzed for total C and N concentration by mass
spectrometry (Isotope ratio mass spectrometer (DeltaV,
Thermo Fisher Scientific, Bremen, Germany; Elemental
analyzer (Flash EA 2000, Thermo Fisher Scientific, Bremen,
Germany)) as described by Werner et al. [58]. The C:N
ratio as well as the NUE (increase in dry weight per unit of
nitrogen) was calculated. RGR was calculated according to
Lambers and Poorter [28]:

RGR = LAR x NAR

LAR (leaf area ratio) is the product of SLA, and the
leaf weight ratio (LWR, fraction of biomass allocated
to the leaves). Net assimilation rate (NAR) is defined as
the rate of increase in plant weight per unit leaf area.

Additional growth-related parameters such as LMA
and the R:S ratio were determined.

Resource uptake, partitioning and allocation

CO, exchange was measured in order to demonstrate
changes in the carbon exchange of the plants. There-
fore, as soon as the third leaf was fully expanded (indi-
cated by stable leaf dry weight) three replicates were
harvested and experiments performed. This approach
was chosen to assure sampling of plants at similar
physiological stages of development and that the sam-
pling material (the third leaf) was completely devel-
oped under treatment conditions. The whole plant was
harvested carefully and with the roots immersed in a
small plastic container containing the original nutrient
solution. The third leaf was carefully positioned in the
gas exchange cuvette (3010-GWK1, Walz, Effeltrich,
Germany). The cuvette was attached to an infrared
gas analyser (LI-COR 6400, LI-COR Inc., Lincoln, NE,
USA) to measure the CO, fluxes. CO, concentration
in the cuvette was adjusted to saturating conditions
(1000 ppm) and the light was set to 200 pmol photons/
m? s (mimicking the conditions in the growth cham-
ber). The temperature was set to mimic the growth
conditions for an initial equilibration phase. Once
the signal was stable, net photosynthesis (NP, light in
the cuvette switched on), and dark respiration (light
switched off and cuvette completely shaded) were
measured at different temperatures (5, 7, 10, 15, 20,
25, 30, 35 and 40 °C, in a randomly chosen sequence).
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From these measurements, we obtained maximum net
photosynthesis (NP,.,), optimal temperature for pho-
tosynthesis (T, the temperature range over which net
photosynthesis was above 90% of its maximum), net
photosynthesis and leaf respiration in the dark (DR) at
the ambient growth temperature. Thermal acclimation
was displayed as a ratio between T, and the growth
temperature during the experiment. A ratio of one indi-
cated that the optimal temperature matches the growth
temperature, values above one indicate that the optimal
temperature was higher than the growth temperature
and vice versa. Carbon uptake rates were expressed on
a dry weight basis, because the higher assimilation rates
of fast-growing species on an area basis, are ‘diluted’ by
having a higher SLA simultaneously [15, 40, 43] and the
aim of this study was to compare the net carbon gain
rather than the net photosynthetic rate. It was stated,
therefore, that comparisons of photosynthesis and
growth can only be made per unit plant weight and per
unit of time [44].

Once the leaf gas exchange measurement was fin-
ished, the roots were cut off and root respiration (RR)
was determined as the decrease of O, concentration in a
liquid phase oxygen electrode system (CB1D, Hansatech
Instruments, Norfolk, United Kingdom). Measurements
were made at 7 °C, 20 °C, and 30 °C.

An estimate of each individual plant’s daily carbon
budget was obtained by converting net photosynthesis,
respiration (in the dark) and root respiration rates to a
per day basis according to the number of hours per day
that each gas exchange parameter took place (NP 16 h,
DR 8 h and RR 24 h). In order to reflect the whole plant
budget, these rates were weighted according to the plants
R:S ratio.

Statistics

All statistical analyses were performed using SPSS soft-
ware (SPSS statistics 24, IBM Analytics, New York).
Prior analysis, the within-group normal distribution was
checked using Shapiro—Wilk tests.

To evaluate the effects of temperature, nitrogen avail-
ability and their interaction with the dependent variables
SLA, NP, .., NUE and C:N ratio, we applied a univariate
linear model. Species (2 discrete levels: B. erectus vs. B.
hordeaceus), temperature (3 discrete levels: 7 °C, 20 °C
and 30 °C) and nitrogen treatment (2 discrete levels: full
access vs. low access) were treated as discrete explanatory
variables. We evaluated single effects as well as all two-
way and three-way interactions. T-tests were performed
to compare between the species on selected groups.
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