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Ancient CO, levels favor nitrogen
fixing plants over a broader range
of soil N compared to present

Haoran Chen*?*? & John Markham?2

Small inreases in CO, stimulate nitrogen fixation and plant growth. Increasing soil N can inhibit
nitrogen fixation. However, no studies to date have tested how nitrogen fixing plants perform under
ancient CO, levels (100 MYA), when nitrogen fixing plants evolved, with different levels of N additions.
The aim of this study was to assess if ancient CO,, compared to present, favors nitrogen fixers over
arange of soil nitrogen concentrations. Nitrogen fixers (Alnus incana ssp. rugosa, Alnus viridis ssp.
crispa, and Alnus rubra) and their close non-nitrogen fixing relatives (Betula pumila, Betula papyrifera,
Betula glandulosa) were grown at ancient (1600 ppm) or present (400 ppm) CO, over a range of soil N
levels, equivalent to 0, 10, 50, and 200 kg N ha™! year™. The growth of non-N fixing plants increased
more than N fixing plants in response to the increasing N levels. When grown at an ancient CO, level,
the N level at which non-nitrogen fixing plant biomass exceeded nitrogen fixing plant biomass was
twice as high (61 kg N ha! year) as the N level when plants were grown at the ambient CO, level.
Specific nodule activity was also reduced with an increasing level of soil N. Our results show there was
a greater advantage in being a nitrogen fixer under ancient levels of CO, compared with the present
CO, level.

Fossil evidence shows that nitrogen fixing plants first evolved in the late Cretaceous, when atmospheric CO, was
ca. four times higher than at present'?. Although there is some question as to whether the evolution of symbiotic
nitrogen fixation arose once, or multiple times, in a small number of related clades?, it is clear that symbiotic
nitrogen fixation is a trait that has been lost repeatedly. This has resulted in most taxa within the nitrogen fixing
clade lacking the ability to fix nitrogen®. It has been suggested that the decrease in CO, levels over geological
time provided the global selection pressure to allow for this loss of the nitrogen fixing trait across the entire
nitrogen fixing clade’.

There is also, at present, a low abundance of nitrogen fixing plants in many parts of the globe®. Symbiotic nitro-
gen fixing plant species abundance, and to a lesser degree species richness, decreases with latitude, with legume
species having a higher abundance at lower latitudes (< 35°), and actinorhizal species having a higher abundance
at higher latitudes®”. The actinorhizal plants are mainly pioneer species, colonizing N poor soils, where they
have access to high light intensity in the early stages of succession®. One reason for the present lack of success
of nitrogen fixing plants may relate to the high energy cost of nitrogen fixation, especially at higher latitudes’.
In all but N poor soils, nitrogen fixing plant plants spend more energy in acquiring nitrogen from fixation than
non-N fixers taking up soil inorganic N. In addition, N fixers indirectly provide fixed nitrogen to their non-N
fixing competitors, which may then shade them®. Menge and Crews® have also argued that actinorhizal plants are
obligate N fixers (unlike legumes), and thus cannot down-regulate symbiotic nitrogen fixation. There are however
a lack of studies comparing the performance of N-fixers to non-N fixers, especially to closely related non-N fix-
ers with the same growth form, under environmental conditions that are predicted to alter their performance.

The loss of the nitrogen fixing trait with decreasing CO, levels over geological time may relate to the energetic
cost of fixation, with decreased CO, limiting energy capture, and to plants ability to balance carbon and nitrogen
acquisition. The recent industrial era increases in atmospheric CO, show that increasing CO, increases plant N
demand in two ways. First, increasing CO, concentration increases C sequestration resulting in a simultaneous
increase in N uptake from the soil'’. Secondly, increased CO, levels increase the C:N ratio of leaves, and conse-
quently the C:N ratio of the soil, which decreases soil N availability'®!!. Elevated CO, therefore increases both
symbiotic and free living nitrogen fixation compared with ambient CO, levels'"'?. Although many studies have
focused on the effect of increasing atmospheric CO, on biological nitrogen fixation, they have been restricted to
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less than 800 ppm CO, levels in order to understand future scenarios'"'2. There is no study comparing nitrogen
fixing plant growth at ambient and ancient CO, levels.

Another factor that may negatively affect nitrogen fixing plants, especially obligate N fixers, is increasing
N deposition. Low levels of available N can critically limit the establishment and growth of non-N fixers. In
such N-poor areas, actinorhizal plants are favored". At present, human activities have resulted in increased N
deposition at a global scale. N deposition increases have arisen from the unintentional production of NO, in
the atmosphere and the intentional production of reduced N (NH,) for synthetic fertilizer'*. The global rate
of anthropogenic N inputs has increased from ca. 100 Tg N year™! to ca. 200 Tg N year™! during the past 20
years'>"7. Currently, 11% of natural vegetation in North America, Europe, south and east Asia receives anthro-
pogenic atmospheric nitrogen deposition of over 10 kg N ha™' year™, a level that can have significant effects on
ecosystem processes'®. The annual total N deposition in some areas is projected to further increase in the future,
ranging from 20 to 50 kg N ha™' year™ by 2100'*'8. Since the net production of many terrestrial ecosystems is
limited by N availability, N deposition should enhance ecosystem productivity. On the other hand, N deposition
can threaten soil quality through soil acidification, altering the ground flora, leading to a decline of productiv-
ity and biodiversity loss in some ecosystems!*?. Nitrogen deposition has been repeatedly reported to reduce
biodiversity in some ecosystems®?2. Global rates of biological nitrogen fixation have also fallen from over 100
Tg year™ to ca. 44 Tg year™! from the 1990s to 2013'>%, which is largely due to anthropogenic N inputs'®*. It
has also been reported that plants confined to growing in low N soils and those depending on N fixation are
more negatively affected by increased N deposition®!. It was found that N fixing plants are more susceptible to
declines in performance than non-nitrogen fixing plants, with increased N deposition, due to a reduced com-
petitive ability?*. Some nitrogen fixers are able to adjust to soil N additions by reducing nitrogen fixation. For
example, a 2-year field study found that 180 kg N ha™! application reduced biological nitrogen fixation of soybean
(Glycine max (L.) Merr) compared with non-fertilizer treatments®. While it has been argued that actinorhizal
plants cannot down-regulate symbiotic nitrogen fixation’, lab studies have shown that actinorhizal plants can
shift from using fixed-N to using N-derived fertilizer with an increasing level of N fertilization®. This may help
them to cope with increased N deposition.

We know little about the effects of ancient levels of CO, and soil nitrogen levels on the relative performance
of nitrogen fixing and non-nitrogen fixing plants. We know elevated CO, leads to the increase of plant C:N
ratio across all plants*’~?. Therefore, increases in N deposition could potentially buffer the effect increases in
atmosphere CO, on plant tissue C:N ratio®.

The clade that includes actinorhizal plants also contains non-nitrogen fixing species. This makes them ideal for
comparing species with and without the ability to form a nitrogen fixing symbiosis. The purpose of this study was
to look at the effect of soil nitrogen levels on nitrogen fixing plants under present and ancient levels atmospheric
CO, levels by comparing them to their close non-nitrogen fixing relatives. We hypothesized nitrogen fixing plants
will maintain greater growth with increasing N levels under ancient CO, conditions compared with present,
helping to explain the evolution of symbiotic nitrogen fixation in the Late Cretaceous. We also hypothesized
that actinorhizal N-fixing plants are partially facultative N-fixers and so can downregulate N fixation when N
deposition is high at all level of CO,.

Results
The effect of nitrogen on plant mass varied with CO, level (P =0.006, F =8.03 for the nitrogen by CO, level
interaction in the least squares model), and differed between the nitrogen fixing and non-nitrogen fixing plants
(P<0.0001, F=28.22 for the plant group by nitrogen level interaction), but the model showed no effect of spe-
cies within plant groups (P =0.20, F=1.55, Supplementary Figure S1). We therefore performed a least square fits
of the responses of nitrogen fixing and non-nitrogen fixing plants to soil nitrogen additions at each CO, level
separately (Fig. 1, Supplementary Table S1). At both ambient and ancient CO, levels, non-nitrogen fixing plant
mass increased faster than nitrogen fixing plants mass in response to N addition. However, because there was a
greater difference in the rate of plant mass increase between the plant types at 400 ppm than at 1600 ppm CO,,
the N level at which the two plant groups performed equally well (i.e., the mass of plants was equal) differed
between the two CO, levels. At 400 ppm CO,, plant biomass of the nitrogen fixing and non-nitrogen fixing plants
was equal at a soil N deposition rate of 27 kg N ha™! year™, while at 1600 ppm CO,, the N level at which plant
biomass was equal was at 61 kg N ha! year™!, more than double the N when plants were grown at 400 ppm CO,.
Increasing soil N reduced all parameters associated with nitrogen fixation, regardless of CO, level, with
significant differences between plant species for some parameters (Fig. 2, Supplementary Table S2). Biomass
allocation to nodules, including plants that failed to form nodules, decreased from 0.98+0.21% (+ standard error)
of total biomass at no N addition to 0.17 +0.05% at an addition rate of 200 kg N ha™" year™! (P <0.0001, F=20.99
for the N addition effect on square root transformed data), with a lower allocation for A. viridis spp. crispa than
for A. incana spp. rugosa (P =0.04, F=3.35 for the species effect). Also, at the 200 kg N ha™! year™! addition
rate, 33% of the plants failed to form nodules, whereas only 16% of the plants failed to form nodule at all other
nitrogen addition levels combined. An ANOVA model using only plants grown at this highest N addition rate
indicated that there was no difference in plant mass between plants that formed nodules and plants that did not
(P=0.61, F=0.27). For the plants with nodules, specific nodule activity (SNA) decreased from 18.48 +4.10 umol
C,H, g' h™! at no N addition to 3.85+0.77 pmol C,H, g! h™! at a N addition rate of 200 kg N ha! year™!
(P=0.02, F=5.61 for the N addition effect on log transformed data) with no differences between the three spe-
cies. Because both allocation to nodules and their physiological activity declined with increases N addition, there
was an overall reduction in nitrogenase activity per plant mass from193.57 +60.67 nmol C,H, g h™ ' at no N
addition to 6.04 +1.68 nmol C,H, g™ h™' at a N addition rate of 200 kg ha™ year™ (P <0.0001, F=20.98 for the
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Figure 1. The response of nitrogen fixing (green, solid symbols) and non-N fixing (orange, open symbols) plant
groups to the increasing soil N level at 400 and 1600 ppm CO, (P =0.006, F=8.03 for the interaction between

N and CO, level; P <0.0001, F=28.22 for the interaction between the plant group and nitrogen level). Species
symbols: A. rugosa—green round, A. rubra—green triangle, A. crispa—green square, B. glandulosa—orange
round, B. papyrifera—orange triangle, B. pumila—orange square.
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Figure 2. The effect of soil N level on the proportion biomass allocated to nodules, acetylene reduced per
nodule mass (SNA) and per plant mass.

N addition effect on log transformed data) with A. viridis spp. crispa having significantly lower rates than A.
incana spp. rugosa (P =0.03, F=3.64).

Discussion

Nitrogen is the primary limiting nutrient for plant growth. Our study found that increasing N deposition did
not bring as great benefits to N-fixers (Alnus spp.) compared with closely related non-N fixers (Betula spp.) in
two ways. First, we found that biomass production of non-N fixing plants responded more strongly to increasing
levels of soil N at both ambient and ancient CO,, compared with N fixing plants. N fixing plants grew more than
non-N fixing plants at low levels of soil N, while high levels of soil N resulted in greater increases in growth of
non-N fixing plants. Our results support the previous studies suggesting that N fertilization has limited effect
on N fixing plant growth but increases the growth and abundance of unrelated non-N fixers®'~*. For example,
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Skogen?* found the ratio of aboveground mass of a non-fixer (Solidago canadensis) to an N fixer (Desmodium
cuspidatum) increased with the increasing levels of N deposition. This suggested that N fixing plants are not
competitive under high level of N when they grow with non-N fixers. Our study showed that under present
atmospheric CO, conditions N-fixing plants will only have an advantage over non-N fixing plants at low levels
of s0il N. Second, our study found that increasing levels of N decrease nodule allocation, specific nodule activ-
ity and nitrogen fixation rate per plant mass. This shows that actinorhizal plants can be facultative N fixers,
downregulating N fixation at high levels of soil N, as has been found in other lab studies®. This would seem to
contradict Menge and Crews® hypothesis that actinorhizal plants are unable to maintain their dominance in high
latitude regions because they are unable to switch from nitrogen fixation to inorganic soil N uptake, and so they
become less competitive as soil N levels increase. We agree that under most conditions where actinorhizal plants
are found, there is little regulation of nitrogen fixation since soil N levels are not high enough to affect a response
in the plants. More importantly, even though actinorhizal plants can reduce nodule formation and activity as
soil N increases, they are not able to increase growth to the same degree that closely related non-nitrogen fixing
plants can, making them less competitive.

Atmospheric CO, levels have been decreasing since nitrogen fixing plants first evolved. Our study suggests
there is a greater advantage in being a nitrogen fixer under ancient levels of CO,, in that it takes a higher level of
soil N for non-nitrogen fixing plants to have greater growth than nitrogen fixing plants. This implies that there
was greater selection pressure in the past for the evolution of symbiotic nitrogen fixation. Our results support
the hypothesis that the decreasing CO, constrains favoring the evolution of symbiotic plant nitrogen fixation®.
At present the clade of plants that includes the actinorhizal plants has many non-nitrogen fixing species as
well>>3¢. Tt is likely that the ability to fix nitrogen has been lost numerous times since it first evolved®>**”. As
atmospheric CO, levels dropped since the Late Cretaceous, there is likely to have been increasing selective pres-
sure to lose the ability to fix nitrogen but utilize nitrogen from the soil®>. Under current rising CO, levels, there is
some evidence that nitrogen fixation is becoming a more favorable trait, at least in the absence of other nutrient
limitations (e.g., P, Mo)'>%. At the same time, anthropogenic inputs of N tend to counteract this advantage of
being a nitrogen fixer*>*.

Our study brings a new sight into why nitrogen-fixing plants are not more ubiquitous at present. Under
ancient CO, levels, plants likely had a higher demand for N to maintain their C:N ratio*'. These conditions would
have likely facilitated the evolution of nodulation to meet plants high N requirement®*. As global CO, decreased
in the past 100 million years, there would be less of a demand for N uptake. Consequently, N fixers would be
at a competitive disadvantage to non-N fixers, which would select for the loss of nodulation that is evdident in
the N-fixing clade of plants. It is unclear from our data why nitrogen-fixing plants do not have the same rate of
growth increase in response to nitrogen additions as non-nitrogen fixing plants do, at both ambient and ancient
CO, levels. One possibility is that while increased N availability results nitrogen fixing plants down-regulating
their N fixation rate, they still allocate carbon for nodule maintenance and growth. Skogen?* has also suggested
that nitrogen-fixing plants cannot uptake inorganic N as efficiently as non-N fixing plants, but the mechanism
for this has not been described. So the high energy cost for nodule maintenance and a low N use efficiency
might explain that N-fixing plants grow slower than non-N fixing plants in response to the increasing N levels.

Our study did not show a stimulation of nitrogen fixation and plant growth at an ancient CO, level. Previ-
ous study has shown that stimulation of N fixation under elevated CO, is limited by the availability of other soil
nutrients, especially P*® since symbiotic N fixation has a high demand of soil P*. Lower P (0.03 mM) reduced
cell division in the cortex and prenodules and emerging nodules number as compared with medium P concen-
tration (0.1 mM)*2. The soil we used was low in P and therefore likely prevented a response in nitrogen fixation
as elevated CO, levels. Future studies are therefore needed to test the interactive effect of elevated CO, and N
deposition on N-fixing and non-N fixing plants in the absence of other nutrient limitations (e.g., P).

Opverall, our study found that increasing N level could disadvantage N fixers relative to non-N fixers. Although
actinorhizal plants can reduce nitrogen fixation in response to high soil N, this does not allow them to match
the increasing growth of non-N fixers. This may help to explain the lack of N fixing plant dominance at present.

Materials and methods

Three nitrogen fixing and three non-fixing plant species were grown at two levels of CO, and four levels of N
deposition. Three-month old seedlings of nitrogen fixers (Alnus incana ssp. rugosa, Alnus viridis ssp. crispa, and
Alnus rubra) and the non-nitrogen fixers (Betula pumila, Betula papyrifera, Betula glandulosa) were grown in
six growth chambers (Conviron A1000, Winnipeg, Canada), three of which were maintained at 400 ppm, and
three of which were maintained at 1600 ppm CO,. There were 9 nitrogen fixers and 9 non-nitrogen fixers per
each combination of N fertilization and CO, level. In total, there were 72 plants in each level of CO, and 36
plants in each level of N fertilization. In each chamber, the concentration of CO, was monitored continuous and
adjusted by injecting CO, into the chambers as needed using a microcontroller-based system*. Each growth
chamber had a 1000 L volume, and was set at 24 °C during the day and 19 °C during the night. The species are
all in the Betulaceae family. Betula spp. are the closest relative to Alnus spp., and possibly still retain the precur-
sor state of nitrogen fixation*!. The plants were grown in ca. 0.5 L pots (6.4 cm diameter, D40H Deepots, Steuwe
and Sons, Oregon) in a sandy soil collected from a forest with A. viridis ssp. crispa growing in the understory of
mature Pinus banksiana trees. Previous study has shown that the soil from the site has an inorganic N level of
10.2£0.6 mg/kg, and an extractable phosphate level of 0.98 +0.33 mg/kg**. All of the plants, including the non-
nitrogen fixers, were inoculated with 10 mL of Frankia strain CpI1l. The strain CpIlwas cultured for 4 months
in the sterilized liquid nitrogen-free Frankia Defined Minimal Medium (FDM) containing sodium succinate as
carbon source. The cultures were dispersed with a tissue grinder and then diluted 10 times in sterilized distilled
water, using for inoculation?’. Six weeks after inoculation, plants were fertilized with one of four levels of N
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fertilization (0, 0.42, 2.28, 8.4 mM ammonium nitrate) once a week for a total of 9 weeks. These four N fertiliza-
tion treatments simulate a range of N deposition levels (0, 10, 50, and 200 kg N ha™! year™?), as per Skogen?!. A
modified Rorison nutrient solution®® with the N concentration varied was used in the first fertilization. For the
remaining 8 weeks plants received different levels of ammonium nitrate. After 9 weeks fertilization, plants were
inoculated again with crushed nodules (3 mg/plant) of Alnus*. At week 24, Nitrogen fixation rate was estimated
using the acetylene reduction assay*®. Fresh nodules were placed into 50 mL bottles and sealed with a rubber
septum with a 10% acetylene atmosphere. The bottles were incubated for 1 h at 22 °C. A 5 mL gas sample from
each bottle was collected and analyzed for ethylene with gas chromatograph (Varian 450) with a Haysep T col-
umn, FID and gas-sampling valve. The specific nodule activity (SNA) was expressed as the ethylene production
rate per nodule dry mass. Nitrogen fixation rate per total plant mass was also calculated. Nodule allocation was
calculated as the percentage of total plant dry mass.

Statistics analysis

When analyzing the plant biomass, the data analysis used a three-factor least square model with CO, level, N
deposition level, and plant group (N fixers or non-N fixers), as well as their interaction, with species nested within
plant group. When analyzing the nodulation allocation and nitrogen fixation, non-N fixers were excluded, the
data analysis used a three-factor least square model with CO, level, N deposition level, CO, and N interaction,
and N fixing species. The N deposition treatment was considered as a continuous variable, and the CO, level and
plant group were considered nominal variables. When there was a significant interaction between N deposition
and the CO, level or plant group, the effect of N deposition on the response variables was modelled using linear
regressions, with the data transformed as needed in order to maintain homogeneity of variances. The data was
analyzed using JMP Pro 14 (SAS Institute).

Received: 2 December 2020; Accepted: 18 January 2021
Published online: 04 February 2021

References
1. Tajika, E. Climate change during the last 150 million years: Reconstructing from a carbon cycle model. Earth Planet Sci. Lett. 160,
659-707 (1998).
2. Li, H.-L. et al. Large-scale phylogenetic analyses reveal multiple gains of actinorhizal nitrogen-fixing symbioses in angiosperms
associated with climate change. Sci. Rep. 5, 14023 (2015).
3. van Velzen, R,, Doyle, J. ]. & Geurts, R. A resurrected scenario: Single gain and massive loss of nitrogen-fixing nodulation. Trends
Plant Sci. 24, 49-57 (2019).
4. Griesmann, M. et al. Phylogenomics reveals multiple losses of nitrogen-fixing root nodule symbiosis. Science 361, eaat1743 (2018).
5. Menge, D. N. L. & Crews, T. E. Can evolutionary constraints explain the rarity of nitrogen-fixing trees in high-latitude forests?.
New Phytol. 211, 1195-1201 (2016).
6. Menge, D. N. L. et al. Nitrogen-fixing tree abundance in higher-latitude North America is not constrained by diversity. Ecol. Lett.
20, 842-851 (2017).
7. Tedersoo, L. et al. Global database of plants with root-symbiotic nitrogen fixation: NodDB. J. Veg. Sci. 29, 560-568 (2018).
8. Swensen, S. M. & Benson, D. R. Evolution of actinorhizal host plants and Frankia endosymbionts. In Nitrogen-fixing Actinorhizal
Symbioses, 73-104 (Springer Netherlands, 2008).
9. Houlton, B. Z., Wang, Y.-P,, Vitousek, P. M. & Field, C. B. A unifying framework for dinitrogen fixation in the terrestrial biosphere.
Nature 454, 327-330 (2008).
10. Luo, Y. et al. Progressive nitrogen limitation of ecosystem responses to rising atmospheric carbon dioxide. Bioscience 54, 731 (2004).
11. Cheng, W., Inubushi, K., Yagi, K., Sakai, H. & Kobayashi, K. Effects of elevated carbon dioxide concentration on biological nitrogen
fixation, nitrogen mineralization and carbon decomposition in submerged rice soil. Biol. Fertil. Soils. 34, 7-13 (2001).
12. Ainsworth, E. A. & Long, S. P. What have we learned from 15 years of free-air CO, enrichment (FACE)? A meta-analytic review
of the responses of photosynthesis, canopy properties and plant production to rising CO,. New Phytol. 165, 351-372 (2004).
13. Pawlowski, K. & Newton, W. E. Nitrogen-fixing Actinorhizal Symbioses. (Springer Netherlands, 2008). https://doi.
org/10.1007/978-1-4020-3547-0.
14. Dentener, F et al. Nitrogen and sulfur deposition on regional and global scales: A multimodel evaluation. Glob. Biogeochem. Cycles.
20, GB4003 (2006).
15. Vitousek, P. M. et al. Human alteration of the global nitrogen cycle: Sources and consequences. Ecol. Appl. 7, 737-750 (1997).
16. Benjamin, W. S. et al. Spatially robust estimates of biological nitrogen (N) fixation imply substantial human alteration of the tropical
N cycle. PNAS 111, 8101-8106 (2014).
17. Li, X. et al. Seasonal and spatial variations of bulk nitrogen deposition and the impacts on the carbon cycle in the arid/semiarid
grassland of inner Mongolia, China. PLoS ONE 10, e0144689 (2015).
18. Lamarque, J. E et al. Assessing future nitrogen deposition and carbon cycle feedback using a multimodel approach: Analysis of
nitrogen deposition. J. Geophys. Res. Atmos. 110, D19303 (2005).
19. Tian, D. & Niu, S. A global analysis of soil acidification caused by nitrogen addition. Environ. Res. Lett. 10, 24019 (2015).
20. Binkley, D. & Hogberg, P. Tamm review: Revisiting the influence of nitrogen deposition on Swedish forests. For. Ecol. Manag. 368,
222-239 (2016).
21. Lee, ]. A. Unintentional experiments with terrestrial ecosystems: Ecological effects of sulphur and nitrogen pollutants. J. Ecol. 86,
1-12 (1998).
22. Southon, G. E., Field, C., Caporn, S. J. M., Britton, A. J. & Power, S. A. Nitrogen deposition reduces plant diversity and alters
ecosystem functioning: Field-scale evidence from a nationwide survey of UK heathlands. PLoS ONE 8, e59031 (2013).
23. Vitousek, P. M., Menge, D. N. L,, Reed, S. C. & Cleveland, C. C. Biological nitrogen fixation: Rates, patterns and ecological controls
in terrestrial ecosystems. Philos. Trans. R. Soc. B. 368, 20130119 (2013).
24. Skogen, K. A., Holsinger, K. E. & Cardon, Z. G. Nitrogen deposition, competition and the decline of a regionally threatened legume,
Desmodium cuspidatum. Oecologia 165, 261-269 (2011).
25. Salvagiotti, E et al. Growth and nitrogen fixation in high-yielding soybean: Impact of nitrogen fertilization. Agron J. 101, 958-970
(2009).
26. Markham, J. H. & Zekveld, C. Nitrogen fixation makes biomass allocation to roots independent of soil nitrogen supply. Can. J.
Bot. 85, 787-793 (2007).

Scientific Reports |

(2021) 11:3038 | https://doi.org/10.1038/s41598-021-82701-7 nature portfolio


https://doi.org/10.1007/978-1-4020-3547-0
https://doi.org/10.1007/978-1-4020-3547-0

www.nature.com/scientificreports/

27. Coley, P. D. Possible effects of climate change on plant/herbivore interactions in moist tropical forests. Clim. Change. 39, 455-472
(1998).

28. Coley, P. D., Massa, M., Lovelock, C. E. & Winter, K. Effects of elevated CO, on foliar chemistry of saplings of nine species of
tropical tree. Oecologia 133, 62-69 (2002).

29. Roger, M. G., Damian, J. B. & Jason, L. L. The effects of elevated [CO,] on the C:N and C:P mass ratios of plant tissues. Plant Soil
224, 1-14 (2000).

30. McLauchlan, K. K., Williams, J. J., Craine, J. M. & Jeffers, E. S. Changes in global nitrogen cycling during the Holocene epoch.
Nature 495, 352-355 (2013).

31. Hossain, M. A., Ishimine, Y., Akamine, H. & Kuramochi, H. Effect of nitrogen fertilizer application on growth, biomass production
and N-uptake of torpedograss (Panicum repens L.). Weed Biol. Manag. 4, 86-94 (2004).

32. Thomas, R. B., Bashkin, M. A. & Richter, D. D. Nitrogen inhibition of nodulation and N, fixation of a tropical N,-fixing tree
(Gliricidia sepium) grown in elevated atmospheric CO,. New Phytol. 145, 233-243 (2000).

33. Dordas, C. A. & Sioulas, C. Safflower yield, chlorophyll content, photosynthesis, and water use efficiency response to nitrogen
fertilization under rainfed conditions. Ind. Crops Prod. 27, 75-85 (2008).

34. Xu, D. et al. Interactive effects of nitrogen and silicon addition on growth of five common plant species and structure of plant
community in alpine meadow. CATENA 169, 80-89 (2018).

35. Roy, A. & Bousquet, J. The evolution of the actinorhizal symbiosis through phylogenetic analysis of host plants. Acta Bot. Gall 143,
635-650 (1996).

36. Swensen, S. M. The evolution of actinorhizal symbioses: Evidence for multiple origins of the symbiotic association. Am. J. Bot. 83,
1503-1512 (1996).

37. van Velzen, R. et al. Comparative genomics of the nonlegume Parasponia reveals insights into evolution of nitrogen-fixing rhizo-
bium symbioses. Proc. Natl. Acad. Sci. 115, E4700-E4709 (2018).

38. Rogers, A., Ainsworth, E. A. & Leakey, A. D. B. Will elevated carbon dioxide concentration amplify the benefits of nitrogen fixation
in legumes?. Plant Physiol. 151, 1009-1016 (2009).

39. DeLuca, T. H., Zackrisson, O., Gundale, M. J. & Nilsson, M. C. Ecosystem feedbacks and nitrogen fixation in boreal forests. Science
320, 1181 (2008).

40. Zheng, M., Zhou, Z., Luo, Y., Zhao, P. & Mo, J. Global pattern and controls of biological nitrogen fixation under nutrient enrich-
ment: A meta-analysis. Glob. Change Biol. 25, 3018-3030 (2019).

41. Fisher, J. B. et al. Carbon cost of plant nitrogen acquisition: A mechanistic, globally applicable model of plant nitrogen uptake,
retranslocation, and fixation. Glob. Biogeochem. Cycles. 24, GB1014 (2010).

42. Gentili, E, Wall, L. G. & Huss-Danell, K. Effects of phosphorus and nitrogen on nodulation are seen already at the stage of early
cortical cell divisions in Alnus incana. Ann. Bot. 98, 309-315 (2006).

43. Chen, H. & Markham, J. Using microcontrollers and sensors to build an inexpensive CO, control system for growth chambers.
Appl. Plant Sci. 8, e11393 (2020).

44. Werner, G. D. A., Cornwell, W. K., Sprent, J. I, Kattge, J. & Kiers, E. T. A single evolutionary innovation drives the deep evolution
of symbiotic N,-fixation in angiosperms. Nat. Commun. 5, 4087 (2014).

45. Chen, H., Renault, S. & Markham, J. The effect of Frankia and multiple ectomycorrhizal fungil species on Alnus growing in low
fertility soil. Symbiosis. 80, 207-215 (2020).

46. Noridge, N. A. & Benson, D. R. Isolation and nitrogen-fixing activity of Frankia sp. strain CpI1 vesicles. J. Bacteriol. 166, 301-305
(1986).

47. Markham, J. H. Does Dryas integrifolia fix nitrogen?. Botany. 87, 1106-1109 (2009).

Acknowledgements

This research was financed by University of Manitoba Entrance Scholarship, University of Manitoba and Natural
Sciences, Engineering Research Council of Canada (NSERC), and Graduate Education Teaching stipend. Special
thanks go to Paige Anderson.

Author contributions
H.C. conceived and conducted the experiment with the guidance of .M. H.C. and J.M. analysed the rsults. All
authors wrote and reviewed the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.
org/10.1038/s41598-021-82701-7.

Correspondence and requests for materials should be addressed to H.C.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports |

(2021) 11:3038 | https://doi.org/10.1038/s41598-021-82701-7 nature portfolio


https://doi.org/10.1038/s41598-021-82701-7
https://doi.org/10.1038/s41598-021-82701-7
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Ancient CO2 levels favor nitrogen fixing plants over a broader range of soil N compared to present
	Results
	Discussion
	Materials and methods
	Statistics analysis
	References
	Acknowledgements


