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Abstract 

Freezing stress is a critical environmental factor affecting survival, distribution, and evolution 

of plants. Although there is evidence that nitrogen (N) affects freezing tolerance of juvenile 

conifers, the magnitude and direction of such effect can diverge among species. The influence 

of the N source on frost tolerance has been barely studied. Particularly, how organic N sources 

could affect the cold hardening dynamics of seedlings is poorly understood. We studied 

morpho-physiological responses to organic N supply (amino acids) in two ecologically distinct 

pine species: Pinus halepensis and P. sylvestris, in comparison to inorganic N. Fertilization 

was applied at low and high N doses (30 and 130 mg N seedling-1) in the first growing season. 

Then, resistance of seedlings to freezing stress was evaluated during the cold season. This study 

confirmed that pine seedlings shown as suitable growth with organic N supply as when they 

grow in inorganic N sources. At low N availability, seedlings had acute P deficiency when 

grown with inorganic N, but not with organic N. Likewise, high organic-N availability 

improved chlorophylls concentration. Both species increased their frost tolerance through time, 

especially during late autumn. Although organic N supply did not show clear benefits on frost 

tolerance levels, it seemed to enhance cold acclimation via increases of compatible solutes, 

such as soluble sugars and proline. Thus, the effects of organic N supply could depend on the 

extent that such osmolytes contribute to the cold acclimation of the species. Other species-

specific mechanisms to cope with freezing stress are further discussed. 

Keywords: amino acids, ammonium-nitrate, chlorophylls, frost resistance, osmotic 

adjustment, soluble sugars.  
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Resumen 

El estrés por heladas es un factor ambiental clave que afecta la supervivencia, distribución y 

evolución de las plantas. Existen evidencias de que el nitrógeno (N) afecta a la tolerancia a 

heladas de las coníferas en la etapa juvenil. Sin embargo, la magnitud y dirección de este efecto 

puede diferir entre especies. Además, el papel de las fuentes de N en la tolerancia a heladas ha 

sido escasamente estudiado. Especialmente, no se comprende bien cómo las fuentes de N 

orgánico podrían afectar la dinámica de endurecimiento a frío en las plantas. Se estudiaron las 

respuestas morfo-fisiológicas a la fertilización con N orgánico (aminoácidos) en comparación 

con el N inorgánico en dos especies de pino ecológicamente distintas, Pinus halepensis y P. 

sylvestris. La fertilización se aplicó a dosis de N baja y alta (30 y 130 mg N planta-1, 

respectivamente) durante el primer período de crecimiento. Este estudio confirma que ambas 

coníferas muestran un crecimiento adecuado al ser fertilizadas con N orgánico, y similar a las 

fuentes inorgánicas de N. A baja disponibilidad de N, las plantas cultivadas con N inorgánico 

mostraron fuertes deficiencias de P, lo que no se observó con el tratamiento de N orgánico. 

Asimismo, una alta disponibilidad de N orgánico aumentó la concentración de clorofilas. 

Ambas especies incrementaron su tolerancia a heladas a lo largo del tiempo, especialmente 

durante el final del otoño. El N orgánico no mostró claros beneficios en los niveles de tolerancia 

al frío, pero pareció estimuló la aclimatación al frío mediante la acumulación de solutos 

compatibles como azúcares solubles y prolina. Por tanto, se sugiere que los efectos de la 

fertilización con N orgánico podrían depender de la medida en que tales osmolitos contribuyen 

al endurecimiento de las distintas especies de coníferas. Se discuten más a fondo otros 

mecanismos especies-específicos para hacer frente al estrés por heladas. 

Palabras clave: ajuste osmótico, aminoácidos, azúcares solubles, clorofilas, nitrato amónico, 

resistencia a heladas. 
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Introduction 

Low temperatures are one of the most critical factors affecting the survival, distribution, and 

evolution of plants (Charrier et al. 2015). Climate change scenarios predict increased frequency 

of winter-warming events in temperate and cold zones (Jentsch et al. 2007, IPCC 2014), but 

also wintertime cold-extreme occurrences (Johnson et al. 2018). Consequently, changes in 

phenology and cold hardening dynamics of plants are expected, render deacclimated tissues 

vulnerable to freeze-damage (Arora and Taulavuori 2016, Wisniewski et al. 2018, Kreyling 

2019), especially in evergreen tree species (Bokhorst et al. 2018). Likewise, future soil N 

alterations are projected due to the increasing rates of atmospheric N deposition, both as 

organic and inorganic N compounds (Cornell 2011, Li, Lin, et al. 2012), with effects in plant 

physiology and biomass partitioning linked to abiotic stress susceptibility (Bobbink et al. 

2010). However, the effects of N availability on frost tolerance are still controversial. Although 

several studies agree that higher N availability does not necessarily increase vulnerability to 

frost stress (Taulavuori et al. 2014 and references therein), others do not discard problems 

related to N loadings beyond natural levels in the environment (Bobbink et al. 2010, Bokhorst 

et al. 2018). Discrepancies in literature underline the need for additional research to clarify the 

role of N in frost tolerance among different plant taxa.  

Survival of tree seedlings to harsh winters depends on the early autumnal cold hardening 

(Repo et al. 2001, Wisniewski et al. 2018), driven mostly by thermal and photoperiod 

reductions at the end of summer (Gusta and Wisniewski 2013). Several plant physiological and 

biochemical changes occur with cold hardening, including growth cessation, alterations in 

membrane fluidity, osmotic adjustments, antioxidant systems development, and accumulation 

of cryoprotective compounds (Griffith and Yaish 2004, Berrocal-Lobo et al. 2011, Charrier et 

al. 2015). Many of these compounds, primarily made up of N-rich molecules (e.g., amino acids 

or proteins), play an antifreeze function in plant cells when exposed to subzero temperatures 

(Griffith and Yaish 2004, Duman and Wisniewski 2014). Therefore, N supply is thought to 

contribute to frost tolerance by raising concentrations of such N-rich cryoprotectants (Caporn 

et al. 1994, Kontunen-Soppela et al. 2000, Taulavuori et al. 2014). In fact, for nursery 

cultivation of tree species from temperate and cold climates, fertilization is advised to be 

conceived under the premise of improving N loading in autumn to boost frost tolerance of 

seedlings (Bigras et al. 1996, Rikala and Repo 1997, Islam et al. 2009, Oliet et al. 2013). 

Nevertheless, the effect of N nutrition on frost tolerance can vary among species since traits, 
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such as dormancy induction strategy, may play an important role in cold hardening dynamics. 

For instance, recently, Toca et al. (2018) found that high N availability at pre-hardening 

increased frost tolerance in species from cold winter climates, which have a marked endo-

dormant control of growth and cold acclimation. In contrast, in species from mild winter sites, 

with an eco-dormant control of growth, high N supply at pre-hardening reduced frost tolerance. 

Furthermore, plant mechanisms to cope with frost stress can be species-specific (Neuner 2014, 

Magaña Ugarte et al. 2019). Therefore, to evaluate frost tolerance is necessary to consider a 

broad spectrum of physiological mechanisms.  

In the context of N effects on cold hardening, it is important to account not only for 

differences in N availability but also their interactions with the source of N (Taulavuori et al. 

2014). Nowadays, it is widely recognized that plants can use a broad range of N sources, both 

inorganic N (NH4
+ and NO3

-) and organic N forms (e.g., amino acids, peptides, and proteins) 

(Persson et al. 2003, Näsholm et al. 2009, Nacry et al. 2013). Particularly, organic N 

compounds are considered a significant source of N for plants in several ecosystems (Rothstein 

2009, Inselsbacher and Näsholm 2012, Uscola et al. 2017). A key advantage of the organic N 

uptake may be the lower carbon (C) and energy costs of its assimilation into proteins (Franklin 

et al. 2017, Jiao et al. 2017). Especially, amino acids in plant cells can proceed from several 

sources, including direct uptake from soil solution (Jiao et al. 2017). The energy savings from 

organic-N-derived C are suggested to lead higher biomass gain per plant N (Franklin et al. 

2017), and drive potential benefits in promoting root growth (Cambui et al. 2011, Gruffman et 

al. 2012). Besides, some studies agree that an exogenous supply of amino acids might directly 

increase the cryoprotective activity under freezing stress in crops (Hayat et al. 2012, Shin et al. 

2018, Ali et al. 2019). Yet, it remains unclear to what extent N-source-induced changes in 

morphology and physiology could affect freezing tolerance in woody species such as conifer 

seedlings. Notably, it is still unknown whether, in addition to benefits on seedlings growth, 

exogenous organic N supply could further enhance their cold hardening. Unraveling this issue 

could have valuable implications not only for forest nursery production of high-quality 

seedlings but also in understanding N roles in natural ecosystems, especially in the context of 

climate change. Thus, additional studies under contrasted N-forms-supply conditions 

(inorganic vs. organic sources) are needed to improve the implications mentioned above. This 

aspect is especially important for tree species that are broadly used in reforestation programs 

and have principal roles in forest ecosystems dynamics such as Pinus species. 
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In this study, we evaluate morpho-physiological responses to organic N supply (as amino 

acids) at two N doses in seedlings of Pinus halepensis Mill. and P. sylvestris L. during their 

first growing season. Subsequently, we assessed the ability of the organic-N fed seedlings to 

resist frost stress in comparison with those under conventional inorganic-N fertilization (based 

on NH4NO3). Our starting point was the assumption that both species would be able to take up 

organic N same as inorganic N since it was previously reported (Uscola, Villar-Salvador, et al. 

2014, Gruffman et al. 2014, Uscola et al. 2017). Then, we hypothesize that the effect of organic-

N fertilization on frost tolerance improvement would depend on the growth habit of the species 

and mainly at high N dose. On one side, in P. halepensis, with an eco-dormant strategy based 

on indeterminate growth cessation and cold hardening controlled mainly by temperature 

(Pardos et al. 2003, Puértolas et al. 2005), the benefits of organic-N supply would be shown in 

growth rather than enhanced cold hardening. On the other hand, in P. sylvestris, with a 

determinate growth habit and strong endo-dormant response to photoperiod reduction 

(Peñuelas, Nicolás Peragón, et al. 2013), the organic-N supply would accentuate physiological 

traits related to frost tolerance at the expense of growth benefits. The ultimate purpose is to 

include the issue of N source into the debate about the role of N on seedling cold hardening 

dynamics, with applied implications for forest seedling production under scenarios of climate 

change. 

Material and Methods 

Plant material and experimental design 

In this study, we used seeds of Pinus sylvestris from Sistema Ibérico Septentrional [1310 

m.a.s.l., 778 mm of rainfall, mean temperature of 8.4 °C, and mean minimum temperature in 

the coldest month (MCMT) of  –3.1 °C] and seeds of P. halepensis from Alcarria (869 m.a.s.l., 

591 mm of rainfall, mean temperature of 8.4 °C, and MCMT of –1.1 °C), both in Spain (Alía 

et al. 2009). Seed material of both species were collected in identified seed stands. Seeding 

cultivation was carried out in late February and early March 2017, for P. sylvestris and P. 

halepensis, respectively. Seeds were sown into 300 cm3 plastic cells (trays of 50 cells, Forest 

Pot® 300, Plasnor, Legazpi, Spain), with a cultivation density of 387 seedlings m-2. The 

growing medium was v:v 75% peat moss (Kekkilä® Oy, Vantaa, Finland) and 25% vermiculite 

(Projar SA, Valencia, Spain). Seedlings were grown in the forest nursery facilities of Forestry 

School at the Technical University of Madrid, Spain (40°27’N; 3°43’W, 664 m.a.s.l.). Trays 
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were randomly placed on a bench under greenhouse cover since sowing until 7 July 2017 (mean 

temperature of 23.4°C, natural photoperiod). Then, they were transferred to outdoors until 17 

October 2017 (daily mean temperature of 24.3°C). 

A full factorial experiment was designed with two N sources: (i) inorganic N (an equimolar 

mixture of NH4
+ and NO3

-) and (ii) organic N (amino acid mixture), and two N doses: (i) low 

N dose (30 mg N seedling-1) and (ii) high N dose (130 mg N seedling-1). Four trays (200 

seedlings) were assigned to each treatment (N source × N dose). Fertilizer application started 

once seedling emergence was established and lasted 25 weeks for P. halepensis and 28 weeks 

for P. sylvestris since the former, a faster-growing species, was sown later. In all cases, the 

fertilization treatments ended on 10 October 2017. Nutrient solutions were prepared with tap 

water and were equally completed with P, K, Mg, Ca, and S (Table S2.1), based on the nutrient 

ratios recommended in Landis et al. (1989). Inorganic N was provided in the form of 

ammonium nitrate (NH4NO3, ACS reagent, ≥98%; Sigma-Aldrich, St. Louis, MO, USA). 

Organic N was a commercial product (ISABION ®, Syngenta Agro S.A, Madrid, Spain), 

composed primarily by glycine, proline, alanine, glutamic acid, and other amino acids. 

Fertilization was supplied once a week, adding ~50 ml seedling-1 of the solution with the 

needed concentration for each nutrient. From each target dose, 80% of the N amount was 

supplied during the first 19 weeks for P. halepensis and 22 weeks for P. sylvestris, based on an 

exponential fertilization function to match the seedlings nutrient needs. In this period, the N 

supply rates were increased every 3-4 weeks, starting at 0.1 and 0.5 mg N seedling-1 in each 

application for low and high N dose, respectively, and reaching a maximum in August of 3.5 

and 15 mg N seedling-1 for low and high N dose, respectively. The remaining 20% was 

distributed during the last six weeks, corresponding with the early-autumn hardening period 

(September-October) at a constant rate of 1 and 4.3 mg N seedling-1 in each application for low 

and high N dose, respectively. Electrical conductivity and pH of the nutrient solutions were 

monitored at each change in N rate (Fig. S2.1). Additionally, sprinkler irrigation with tap water 

was programmed every two days between fertilization events. In each fertilization event, all 

trays were re-arranged to level out the edge effects. 

Frost tolerance assessment 

Seedlings frost tolerance was evaluated on three dates: (i) mid-October (18-20 October 2017) 

when seedlings were barely frost-hardened; (ii) mid-December (12-14 December 2017), at 
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halfway frost-hardening period; and (iii) late-January (22-24 January 2018), when seedlings 

were expected to be fully hardened. The mean temperature in the nursery during the hardening 

period was 19.9 °C from 1 September to mid-October, 7.8 °C from mid-October to mid-

December, and 5.0 °C from mid-December to late-January. Accumulated chilling hours (0 to 

8 °C) were 34 h until mid-October, 526 h in mid-December, and 1061 h in late-January. 

Temperatures below 0 °C occurred in 53 days during the whole hardening period, accumulating 

0 h of frost in mid-October, 181 h in mid-December, and 346 h in late-January. 

Frost tolerance was assessed through the whole-plant freeze technique that consists in 

evaluating the freezing damage on the entire shoot after exposure to a simulated freeze event 

(Burr et al. 2001). At each sampling date we carried controlled frost tests for different target 

temperatures: 0, –4, –8, and –12 °C on mid-October; –8, –12, –16, –20, and –24 °C on mid-

December; –12, –16, –20, –24, –28, and –32 °C on late-January. The frost cycles were 

programmed in freezing chambers with a programmable temperature controller (Dycometal® 

CCK81, Barcelona, Spain). Each cycle lasted ~22 h: on the first 8 h, the temperature dropped 

from ambient to 5 °C, then it was dropped during the following 6 h until reaching the target 

temperature, which was kept for 4 h, and finally, the temperature was raised again to 5 °C 

during the last 4 h. The cooling rate was different among frost cycles according to the target 

temperature, but in all cases, it was less than 5 °C h-1, while the warming rates were less than 

7.5 °C h-1. Cooling and warming rates below 5 and above 10 ºC h-1, respectively, were sought 

to avoid bias in frost damage by either rapid freezing or thawing (Burr et al. 2001). Six 

seedlings per species, N form, and N dose (1-2 seedlings per tray) were randomly selected to 

be exposed to each frost cycle. The chosen seedlings were lifted and put randomly in a forest 

tray, which in turn was fit in a polystyrene box to isolate the root plugs. The air temperature in 

the chamber was recorded with a data logger at 1-min intervals. Additionally, the temperature 

inside the insulating box was measured with a thermocouple attached to the surface of a root 

plug. The temperature inside the insulating box was about 6.9 to 13.3 °C higher than the air 

temperature of the chamber. 

After freezing tests, frost tolerance was measured by chlorophyll fluorescence and visual 

estimation techniques. On one side, the maximum photochemical efficiency of PSII (Fv/Fm) 

was measured on fully expanded needles in the upper third of the shoot before each freezing 

test, and subsequent measurements were done 24, 48, and 144 h after frost. Due to the largest 

size of high fertilized P. halepensis seedlings, a second measure of Fv/Fm was done in a bottom 



Nitrogen nutrition in pine seedlings 

52 

twig and averaged with the apical measurement. Every measurement was done at mid-morning 

(09:00–11:00h solar time) using a portable pulse modulated chlorophyll fluorometer (FMS2, 

Hansatech Instruments Ltd, Norfolk, UK) after 30 min of dark adaptation. Since Fv/Fm values 

were similar among measurements after frost, we used data only from the after 24 h assessment 

for successive analyses. The frost-induced drop of Fv/Fm was calculated in relative units as 

[(Fv/Fm)0-(Fv/Fm)i]/(Fv/Fm)0, where (Fv/Fm)0 and (Fv/Fm)i were the measurements before and 24 

h after frost, respectively. On the other hand, for the visual assessment, seedlings were 

maintained well-watered for two months after freezing tests under greenhouse conditions 

(mean temperature of 18.5°C, natural photoperiod). Then, foliar damage was estimated visually 

by three independent observers as the percentage of brown or dry needles and averaged (visual 

damage index, VDI). 

Shoot growth analysis and seedling morphology 

Three weeks after fertilization started for each species, 12 seedlings per treatment were 

randomly selected (three seedlings per tray), and their shoot height was measured every two 

weeks until mid-December (day of year 345). The shoot height was measured from 1 cm below 

cotyledon insertion point to either the apex of bud or the tip of the shoot when bud was not 

present. Data of shoot height was fitted individually to a four-parameter logistic function: 

𝐻(𝑡) = 𝑎+
𝑏− 𝑎

1 + 𝑒[(𝑐−𝑡)/𝑑]
 

where: 𝐻(𝑡) is the predicted shoot height on the day of year t, since 1 January, a is the initial 

height, b is the total height at the end of the growing season, c is the day of the year when the 

half of the shoot growth was achieved, and d is a scale parameter describing the growth rate. 

From each seedling model, we calculate the relative growth rate (RGR) on a time basis as stated 

in Paine et al. (2012). Then, we estimate the growth cessation timing as the day when the RGR 

was less than 0.01 mm cm-1 day-1, concurring approximately with time in accounting 98% of 

the final shoot height at the last measurement. 

On the same dates of the freezing tests, 12 seedlings per treatment (three seedlings per 

tray) were randomly harvested to determine seedling morphology. Root plugs were washed 

under running tap water to eliminate substrate and then were rinsed twice in distilled water. 

Shoot height and diameter were measured in each seedling at 1 cm below the cotyledon 

insertion point, and then, at this point, they were divided into shoots and roots. The plant 
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fractions were dried at 65 °C for 48 h and weighed. Additionally, for P. sylvestris seedlings, 

secondary needles were separately weighted when present. 

Determinations of nutrients, soluble sugars, photosynthetic pigments, and free proline 

Nutrients (N, P, and K) and soluble sugars concentrations were determined in both shoot and 

roots from mid-October harvesting at the time of the first freezing test. Conversely, only 

concentrations of N, K, and soluble sugars were determined in shoot samples from mid-

December and late-January during frost testing dates. For these analyses, four composite 

samples (one per tray) of both shoots (including secondary needles) and roots were formed by 

pooling samples of seedlings from the same tray. Then, samples were ground in a ball mill 

(Retsch MM 200, Haan, Germany). Determinations of N and P were done by the standard 

Kjeldahl digestion procedure using an auto-analyzer (CFA SAN++, Skalar, Breda, The 

Netherlands), while K concentration was determined in a flame photometer (Sherwood Model 

410, Cambridge, UK) using perchloric acid digestion. Total soluble-sugar concentration was 

determined by the phenol-sulfuric acid method (Chow and Landhäusser, 2004). Briefly, a 20-

25 mg subsample of milled tissue was placed in a 10 ml centrifuge tube, then 4 ml of 80% 

ethanol was added and boiling in an 80 °C water bath for 30 min for extraction. The process 

was repeated twice, and the supernatants of the three extractions were combined for soluble 

sugars analysis. In a separate test tube, 0.5 ml of the supernatant was mixed with 1 ml of 2% 

phenol and 2.5 ml of sulfuric acid. Then, the absorbance of samples was read at 490 nm in a 

spectrophotometer (UV-1601B, Shimadzu scientific instruments INC., Japan) after cooling in 

dark conditions for 30 min. Soluble sugars concentration was calculated from a glucose 

standard calibration line. 

Photosynthetic pigments and free proline concentrations were also assessed on the same 

dates of the freezing tests. At each sampling date, 12 seedlings per treatment (three seedlings 

per tray) were harvested and immediately frozen at –20 °C until processing. Photosynthetic 

pigments were determined in each seedling according to Barnes et al. (1992). Briefly, 50 mg 

fresh needle samples were cut in small pieces and placed in 10 ml centrifuge tubes with 5 ml 

of pure dimethyl sulfoxide (DMSO). Samples were maintained 24 h at ambient temperature in 

dark conditions for extraction. The absorbance of the supernatant was measured at 665.1, 

649.1, and 415 nm. Then, the concentrations of chlorophyll a (Chl a), chlorophyll b (Chl b), 

and total carotenoids (Car, carotenes + xanthophylls) were calculated using the equations in 

Wellburn (1994). Proline concentration was determined in each seedling by colorimetry using 
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the ninhydrin-acetic acid method described in Ábrahám et al. (2010). A sample of 250-300 mg 

of fresh needles was ground in a mortar with 5 ml of 3% sulfosalicylic acid and then 

centrifuged. In a separate tube, 1 ml of supernatant was mixed with 1 ml of an acid ninhydrin 

solution, incubated for 60 min at 95 °C, and cooled on ice. Then, 4 ml of toluene were added 

to the reaction mixture, vortexed for 20 s, and left in a bench until the full separation of the 

toluene and water phases. The absorbance of the toluene phase was measured at 520 nm, using 

toluene as a blank. Proline concentration was calculated from a proline standard calibration 

line. 

Statistical analyses 

All data analyses were done by species separately. Two-way ANOVAs were conducted to test 

the effects of N sources and N doses on height and cessation time of shoot elongation (estimated 

from growth model parameters), nutrient status, photosynthetic pigments, and proline before 

cold hardening (harvest of October). Biomass analysis before hardening was done by a mixed-

effects model using the tray (replicate) as a random effect since biomass variability across trays 

was significant. Data homoscedasticity and normality were checked with the Levene’s test and 

the Shapiro-Wilk Normality test, respectively. When required, data were log-transformed to 

meet the ANOVA assumptions. These analyses were done with ‘stats’ (R Core Team 2013) 

and ‘car’ (Fox and Weisberg 2011) packages in R. When effects were significant (α<0.05), 

differences among means were tested using Tukey’s post hoc tests with the package ‘agricolae’ 

(de Mendiburu 2016). Linear mixed-effects models were used to analyze seedling morphology, 

concentrations of N, K, and soluble sugars in shoots, and proline and pigments in needles 

during frost hardening. The fixed effects were the sampling date, N source, and N dose, as well 

as their interactions, while the tray was included as a random effect. The mixed-effects 

modeling was done using the function lmer of the package ‘lme4’ (Bates et al. 2015). When 

main effects or interactions were significant, a multiple comparison test with the Tukey’s 

method was done using the package ‘emmeans’ (Lenth 2019).  

Data of VDI and Fv/Fm (relative units) after frost tests were analyzed separately by Date 

using a beta-binomial generalized linear model with a logit link function. We chose the beta-

binomial distribution since data overdispersion was detected in both variables. In each model, 

we included the temperature (continuous), N source, N dose, and their interactions as fixed 

effects. The models fit was done using the NLMIXED procedure in SAS ver. 9.2 (SAS 2009). 

As we were interested in the temperature producing damage in half of needles or reducing 50% 
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of Fv/Fm (LT50), we estimate the LT50 values and their confidence intervals from model 

estimates. Then, pairwise comparison was done using the method described in Lappi and 

Luoranen (2018). In multiple comparisons among treatment combinations (N source × N dose), 

the significance values were adjusted with the Holm-Bonferroni method. 

Results 

Shoot growth and biomass partitioning 

Seedlings of P. halepensis showed higher shoot growth when grown with organic N than with 

inorganic N, though the effect was significant only at high N doses (interaction N source × N 

dose, P=0.033; Fig. 2.1a). Neither N source nor N dose affected growth cessation timing of P. 

halepensis seedlings (P=0.682 and P=0.595, respectively). On the contrary, seedlings of P. 

sylvestris grown with inorganic N at high N doses had marginally higher shoot height at the 

end of the growing season than those with organic N, while the effect was inverse at low N 

dose (interaction N source × N dose, P=0.074; Fig. 2.1b). In this species, high N fertilization 

delayed about 50 days the shoot growth cessation, compared with those at low N dose 

(P<0.001). Furthermore, seedlings grown with organic N showed a marginal delay of growth 

cessation (17 days on average) compared to inorganic N fed seedlings (P=0.067).  

 

Figure 2.1. Predicted shoot height from four-parameter logistic models during the first growing season 

of Pinus halepensis (a) and P. sylvestris (b) seedlings fertilized with two N sources: inorganic 

N (NH4NO3, solid lines) and organic N (amino acids, dashed lines), at two N doses: low N (30 

mg N seedling-1, grey lines) and high N (130 mg N seedling-1, black lines). Shaded areas 

represent 95% prediction intervals. The inserted symbols on the curves indicate the estimated 

growth cessation time (mean ± SE, n=12). 
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At the end of fertilization (mid-October), both species showed the highest shoot and root 

dry mass at high N doses (P<0.001). The N source did not significantly affect biomass yield in 

both species. However, we found a marginal interaction of N source with N dose (P=0.051) 

affecting root dry mass in P. halepensis. While at low N dose, organic-N fed seedlings tended 

to have higher root mass than inorganic-N fed seedlings, the effect was opposite at high N dose 

(Fig. S2.2). On the other hand, seedlings of P. sylvestris grown with organic N had marginally 

higher root mass than those with inorganic N at both N doses (P=0.077; Fig. S2.2b). 

Furthermore, seedlings of P. sylvestris supplied with organic N had higher secondary needles 

to shoot mass proportion (0.25±0.04) than with inorganic N (0.11±0.03), independently of N 

dose (P=0.010 and P=0.622, for N source and N dose, respectively). 

Nutritional and biochemical status before cold hardening 

High N doses induced the highest shoot N concentration in both species (Fig. 2.2a,b). The N 

source influenced shoot N concentration only in P. sylvestris, with inorganic-N fed seedlings 

showing the highest concentration. Seedlings of both species grown at low N dose had higher 

shoot P concentration when fertilized with organic N than with inorganic N (Fig. 2.2c,d), while 

the trend was opposite at high N dose (N source × N dose interaction). In P. halepensis, high 

N doses induced a higher shoot K concentration, but it was significant only for the inorganic-

N fed seedlings (N source × N dose interaction; Fig. 2.2e). In contrast, in P. sylvestris, neither 

N dose nor N source affected shoot K concentration (Fig. 2.2f). On the other hand, high N dose 

provoked the highest N and K concentrations in roots, but it was significant only for P. 

halepensis seedlings. Similarly, both species showed higher P concentration in roots when 

grown at a high N dose; though, the difference between N doses was significant only in 

inorganic-N fed seedlings (interaction N source × N dose).  
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Figure 2.2. Concentration of N (a, b), P (c, d) and K (e, f) in shoots and roots of one-year-old Pinus 

halepensis and P. sylvestris seedlings after fertilization with two N sources: inorganic N 

(NH4NO3, light gray bars) and organic N (amino acids, dark gray bars), at two N doses: low N 

(30 mg N seedling-1) and high N (130 mg N seedling-1). Data are means ± SE (n=4). For 

significant effects of N source (N), N dose (D), or their interaction, the significance level is 

represented as: ‘***’ p<0.001, ‘**’ p<0.01, and ‘*’ p<0.05. Means not sharing common letters 

are significantly different for interactions N source × N dose (Tukey HSD test, α=0.05). 

Nitrogen dose but not N source affected soluble sugars concentration in both shoots and 

roots of P. halepensis seedlings, with the highest concentration at a low N dose (Table S2.2). 

Nevertheless, while the concentration in seedling shoots at high-N supply was about 20% lower 

than at low-N supply, the concentration in roots was two-fold lower. Likewise, proline 

concentration in P. halepensis was higher in low N fertilized seedlings; but also, inorganic N 

induced higher proline concentration than the organic N source. In P. sylvestris, soluble sugars 

concentration was unaffected by neither the N source nor the N dose in both tissue types. 

Proline concentration in P. sylvestris seedlings grown with inorganic N was two-fold higher 

when were fertilized at low N than at high N dose. In contrast, seedlings with organic N had 
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intermediate values with no differences between N doses (interaction N source × N dose). On 

the other hand, both species showed the highest concentration of photosynthetic pigments 

(chlorophylls a and b, and total carotenoids) when fertilized at a high N dose of organic N. Yet, 

at low N dose, organic-N fed seedlings had lower concentration than inorganic-N fed seedlings 

(interaction N source × N dose), except the concentration of chlorophyll b in P. sylvestris, 

which was affected only marginally by the N dose. 

Biomass yield during cold hardening 

During cold hardening, differences in seedling height and diameter were given mainly by the 

N dose in both species (all P<0.001, data not shown). Additionally, seedlings showed a 

significant increase in diameter across time (P<0.001 in both species), while height growth was 

not significant (both P>0.05). Pinus halepensis seedlings showed differences in diameter 

among the three harvesting dates. In contrast, P. sylvestris seedlings, with lower growth, 

displayed differences only between mid-October and late-January. Nitrogen source did not 

affected either height or diameter growth during the cold hardening period in both species (all 

P>0.05).  

Both species showed a significant increase in both shoot and root mass from mid-October 

to late-January (Fig. 3). Increments in root mass were around 38% and 50%, while increments 

in shoot mass were about 32% and 24% for P. halepensis and P. sylvestris, respectively. 

Further, in P. halepensis, shoot mass increase was higher when supplied with organic N at high 

N dose, mostly after mid-December. In contrast, inorganic-N fed seedlings increased 

progressively through time independently of N dose (interaction Date × N source × N dose, 

Fig. 2.3a). This trend also appeared in root mass, but the interaction was only marginal (Fig. 

2.3c). Instead, root mass in P. halepensis was affected by an interaction N source × N dose 

across time. While, at low N dose, organic N induced higher root mass than inorganic N, the 

response was similar between N sources at high N dose. In P. sylvestris, shoot mass gain was 

independent of N source and N dose (non-significant interactions with Date). Hence, the scale 

of differences between treatments remained over time (Fig. 2.3b). Nevertheless, we observed 

that seedlings supplied with organic N had higher secondary needles to shoot mass proportion 

(0.25±0.04) than with inorganic N (0.11±0.03) across harvesting dates, independently of N 

dose (P=0.010 and P=0.622, for N source and N dose, respectively). On the other hand, the N 

source affected the root mass increase through time (interaction Date × N source, Fig. 2.3d). 

While inorganic-N fed seedlings had a constant root growth with differences among all 
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harvesting dates, organic-N fed seedlings increased their root mass after mid-December, 

showing only differences between mid-October and late-January. 

 

Figure 2.3. Shoot (a, b) and root (b, c) mass in one-year-old Pinus halepensis and P. sylvestris seedlings 

during cold hardening after fertilization with two N sources: inorganic N (NH4NO3, squares and 

solid lines) and organic N (amino acids, diamonds and dashed lines), at two N doses: low N (30 

mg N seedling-1, grey symbols and lines) and high N (130 mg N seedling-1, black symbols and 

lines). Data are means ± SE (n=12). For significant effects of Date (T), N source (N), N dose 

(D), or their interactions, the significance level is represented as: ‘***’ p<0.001, ‘**’ p<0.01, 

‘*’ p<0.05, and ‘(.)’ p<0.10. To improve visibility, y-axis scales are expressed on a logarithm 

base2 basis. 

Nutrient and biochemical dynamics during cold hardening 

There was an overall decrease in shoot N concentration during cold hardening. Yet, the 

decreasing trend was distinct for each species and dependent on the fertilization treatments 

(Fig. S2.3). On one side, in P. halepensis, N concentration decreased in high-N fertilized 

seedlings, while those at low N dose kept the N concentration nearly unchanged (interaction 

Date × N dose). Further, inorganic-N supplied seedlings at low N dose showed higher N 

concentration than organic-N fed seedlings across harvesting dates. In contrast, at high N dose, 

N concentration was similar between N sources (interaction N source × N dose). On the other 
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hand, in P. sylvestris, the decrease of N concentration was dependent on both N source and N 

dose (interaction date × N source × N dose). At high N dose, inorganic-N fed seedlings showed 

the highest decrease of N concentration, while organic-N fed seedlings retained a constant N 

concentration across time. In contrast, seedlings with low N dose showed a similar trend 

between N sources, with inorganic-N fed seedlings showing higher N concentration than those 

with organic N across time. 

Both species also showed a reduction of shoot K concentration through the cold hardening 

period (Fig. S2.3). Yet, the decrease of K concentration in P. sylvestris was independent of 

either N source or N dose. In P. halepensis, seedlings grown with inorganic N showed the 

highest decrease of K over time, while organic-N fed seedlings kept similar K concentrations 

among dates (interaction Date × N source). Additionally, while at high N dose, seedlings 

showed similar K concentration between N sources, at low N dose, organic N retained higher 

K concentration than seedlings inorganic N (interaction N source × N dose). 

Overall, soluble sugars concentration in shoots increased significantly in both species 

during the frost hardening period. In P. halepensis, soluble sugars concentration was always 

higher in seedlings fertilized with low N than those fertilized at high N dose (Fig. 2.4a). 

Furthermore, regardless of N dose, seedlings grown with organic N showed a constant increase 

of soluble sugars until the end of the hardening period, while inorganic-N fed seedlings ceased 

the accumulation trend in mid-December (interaction Date × N source). In P. sylvestris, the 

accumulation of soluble sugars was affected only marginally by the N dose (interaction Date × 

N dose, Fig. 2.4b). While seedlings fertilized at high N dose increased their concentration 

mostly from mid-October to mid-December, those grown at low N dose constantly increased 

their soluble sugars concentration until late-January. 

In general, there was a significant increase in proline concentration during cold hardening 

in both species. Seedlings of P. halepensis grown with organic N, having the lowest 

concentration in October, showed an averaged higher increase than those with inorganic N at 

both N doses (interaction Date × N source; Fig. 2.4c). Likewise, P. halepensis seedlings grown 

at high N dose displayed higher proline increase than low-N supplied seedlings towards the 

end of hardening (interaction Date × N dose). Proline concentration in P. sylvestris remained 

higher in seedlings supplied with inorganic-N at low N dose across time, with differences over 

those grown with high inorganic N that had the lowest proline values (Fig. 2.4d). In contrast, 
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seedlings fertilized with organic N had intermediate levels of proline without differences 

between N doses (interaction N source × N dose). 

 

Figure 2.4. Concentration of soluble sugars (SS; a, b) and proline (c, d), proportion of carotenoids to 

chlorophylls (Car:Chl; e, f), and maximum photochemical efficiency of PSII (Fv/Fm; g, h) in 

needles of Pinus halepensis and P. sylvestris seedlings during cold hardening after being 

fertilized two N sources: inorganic N (NH4NO3, squares and solid lines) and organic N (amino 

acids, diamonds and dashed lines), at two N doses: low N (30 mg N seedling-1, grey symbols 

and lines) and high N (130 mg N seedling-1, black symbols and lines). Data are means ± SE 

(n=4 for SS, n=12 for proline and Car:Chl, and n=36 for Fv/Fm). For significant effects of Date 

(T), N source (N), N dose (D), or their interactions, the significance level is represented as: 

‘***’ p<0.001, ‘**’ p<0.01, ‘*’ p<0.05, and ‘(.)’ p<0.10. 
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There was an overall reduction of chlorophylls (a + b) during cold hardening in both 

species (p<0.001, data not shown), but, low-N fertilized seedlings showed the highest reduction 

(interaction Date × N dose, p=0.019 and p=0.037 for P. halepensis and P. sylvestris, 

respectively). Likewise, across time, seedlings supplied with organic N remained with the 

highest and lowest chlorophyll concentration at high- and low-N fertilization, respectively 

(interaction N form × N dose, p<0.001 and p=0.081 for P. halepensis and P. sylvestris, 

respectively). Both species showed a significant increase of the carotenoids proportion respect 

to chlorophylls concentration (Car:Chl ratio). In P. halepensis, the rise in Car:Chl through time 

was affected by the N source (interaction Date × N source; Fig. 2.4e). On average, seedlings 

fertilized with organic N showed the highest increment towards late-January. Furthermore, 

while seedlings grown at high N dose increased their Car:Chl ratio mostly from mid-October 

to mid-December, seedlings at low N dose had the highest increment after mid-December 

(interaction Date × N dose). In P. sylvestris, the increase of Car:Chl through time depended on 

both N source and N dose (interaction Date × N source × N dose; Fig. 2.4f). On one side, at 

the low N dose, seedlings with organic N had a higher increment in Car:Chl than those with 

inorganic N. In contrast, the Car:Chl ratio in seedlings grown at high N dose increased equally 

with the two N-form treatments. 

The Fv/Fm ratio in needles before freezing showed a decreasing trend throughout the 

hardening time in both species (Fig. 2.4g,h). The decrease of Fv/Fm was higher in seedlings 

grown at low than at high N dose (interaction Date × N dose, p=0.001 and p=0.015, for P. 

halepensis and P. sylvestris, respectively), but in P. halepensis the drop of Fv/Fm was even 

higher from mid-October to mid-December. Likewise, when grown at low N dose, seedlings 

of P. sylvestris supplied with organic N had marginally higher Fv/Fm across time than those 

with inorganic N (Fig. 4h), while at high N dose, Fv/Fm ratio was similar between N sources 

(interaction N source × N dose). 

Frost tolerance 

Both species showed a reduction in values of LT50 (determined by both VDI and Fv/Fm 

reduction) through the hardening period (Table 2.1). The highest decrease in LT50 was observed 

from mid-October to mid-December. In fact, in mid-December, LT50 values of P. sylvestris 

could not be determined even though the minimum temperature of the whole tested series 

reached –24°C (Fig. S2.4).  
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Table 2.1. Mean values ± 95% confidence interval of freezing temperature producing damage in half of needles (LT50-VDI) or reducing Fv/Fm in 50% (LT50- 

Fv/Fm) for Pinus halepensis and P. sylvestris seedlings at the different cold-hardening stages. Before hardening, seedlings were fertilized with two N 

sources: inorganic N (NH4NO3) and organic N (amino acids), at two N doses: low N (30 mg N seedling-1) and high N (130 mg N seedling-1). For each 

Date and species, means not sharing letters are significantly different (α=0.05). 

Species N source N dose  mid-October  mid-December  late-January 

 LT50-VDI LT50-Fv/Fm  LT50-VDI LT50-Fv/Fm  LT50-VDI LT50-Fv/Fm 

Pinus halepensis Inorganic Low  –5.4±0.5 –6.9±0.7  –12.8±1.0b –15.3±0.7b  –15.6±0.9ab –16.5±0.7 

  High   –5.6±0.5 –7.4±0.6  –15.4±1.2a –18.0±0.8a  –14.7±1.1b –17.5±0.8 

 Organic Low  –5.8±0.5 –6.3±0.8  –15.9±1.0a –17.4±0.8a  –17.0±0.6a –16.8±0.6 

  High   –5.4±0.5 –6.9±0.7  –14.1±1.3ab –16.9±0.9a  –16.2±1.0ab –17.5±0.7 

Pinus sylvestris Inorganic Low  –9.2±0.7 –10.9±0.8a  — —  –31.8±2.3 –30.8±1.7 

  High   –9.5±0.9 –10.1±0.7ab  — —  –29.3±1.7 –30.0±1.6 

 Organic Low  –8.7±0.8 –9.0±0.8b  — —  –33.3±3.4 –30.6±1.6 

  High   –8.9±1.0 –10.5±1.0ab  — —  –32.5±3.0 –30.0±1.4 
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In P. halepensis, pairwise comparison of LT50 from VDI showed differences among 

fertilization treatments in mid-December and late-January. In mid-December, seedlings grown 

with organic N at low N dose and those with inorganic N at high N dose showed the lowest 

LT50 values (higher frost resistance), with differences over those grown with inorganic N at 

low N dose, while organic-N fed seedlings at high N dose had intermediate values. In late-

January, seedlings fertilized with organic N at low N dose remained with the lowest LT50. In 

contrast, those seedlings with a high N dose of inorganic N had the highest LT50. Intermediate 

LT50 values were found in seedlings with low N of inorganic N and high N of organic N. On 

the other hand, P. sylvestris had similar values of LT50 among fertilization treatments in both 

mid-October and late-January measurements. 

The estimation of LT50 from Fv/Fm curves was slightly lower than the LT50 from VDI 

(Table 1). Besides, the results of pairwise comparisons suggest different patterns of frost 

resistance in some dates and varying with the species. In P. halepensis, differences of LT50 

from Fv/Fm were found only in December, with the lowest tolerance in seedlings with inorganic 

N at low N dose, as per VDI data. However, there were no further differences among the 

remaining treatments. On the contrary, in P. sylvestris, LT50 data from Fv/Fm suggest a different 

frost tolerance between N sources at low N dose but only October, with organic-N having the 

highest and inorganic-N the lowest LT50. 

No significant correlations were found between nutrients dynamics and the development 

of frost tolerance in both species, except K levels in P. sylvestris, which were negatively 

correlated with LT50 values both estimated from VDI and Fv/Fm curves (Table 2.2). On the 

contrary, increments in frost tolerance (more negative LT50) during cold hardening were 

positively correlated with increases in soluble sugars, proline, and proportion of carotenoids. 

However, in P. sylvestris, the correlation between proline and LT50 was not significant. 
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Table 2.2. Correlation coefficients between nutrients, biochemical traits, and frost tolerance levels of 

P. halepensis and P. sylvestris seedling displayed during cold hardening. Correlation 

coefficients were determined using averages of each replicate (tray) at each harvesting date. 

 LT50-Fv/Fm N K SS Proline Car:Chl 

Pinus halepensis (n=12) 

LT50-VDI 0.98*** 0.30 ns 0.24 ns –0.79** –0.84*** –0.83*** 

LT50-Fv/Fm  0.26 ns 0.16 ns –0.72** –0.80** –0.75** 

N   0.38 ns –0.53 ns –0.70* –0.62* 

K    –0.70* –0.47 ns –0.51ns 

SS     0.87*** 0.84*** 

Proline      0.86*** 

Pinus sylvestris (n=8§) 

LT50-VDI 0.99*** 0.60 ns 0.91** –0.95*** –0.41 ns –0.88*** 

LT50-Fv/Fm  0.64 ns 0.94*** –0.95*** –0.41 ns –0.86*** 

N   0.64 ns –0.75* –0.59 ns –0.75* 

K    –0.86** –0.35 ns –0.85** 

SS     0.61 ns 0.89** 

Proline      0.58 ns 
LT50-VDI= estimated LT50 from visual assessment of needle damage; LT50-Fv/Fm= estimated LT50 from analysis 

of relative Fv/Fm drop after frost; SS=soluble sugars; Car:Chl = carotenoids to chlorophylls ratio. ns not significant 

(p>0.05); * p<0.05; ** p<0.01; *** p<0.001. §For P. sylvestris, mid-December LT50 could not be determined. 

Discussion 

Effects of organic N supply on seedling growth, nutritional, and biochemical status prior to 

hardening 

The results of this study demonstrated that organic N supply in the form of amino acids was as 

effective as the inorganic N source (NH4NO3) in promoting seedling growth. Indeed, organic 

N supply induced marginally higher root mass than inorganic N, mainly at low N availability. 

Previous studies in conifer species suggest that organic N promotes biomass allocation to roots 

(Cambui et al. 2011, Gruffman et al. 2012, Franklin et al. 2017). This benefit can be related to 

the lower metabolic cost and the extra C gain when amino acids are the N source (Franklin et 

al. 2017), especially when carbohydrate supply to roots is reduced (Gruffman et al. 2013). In 

our study, low-fertilized seedlings had low concentrations of photosynthetic pigments and N, 

implying reduced photosynthetic activity that likely constrained root growth. Indeed, along 

with current N uptake, current photosynthates are the primary substrates for root growth 

(Villar-Salvador et al. 2015, Uscola et al. 2015). Thus, the slightly higher root mass in organic-

N supplied seedlings could be linked to C gains and lower dependence on current 

photosynthates to sustain root growth. 
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Organic N fertilization in P. halepensis seedlings induced similar N concentrations to 

inorganic N. This validates previous findings showing the ability of P. halepensis to uptake 

amino acids (Uscola, Villar-Salvador, et al. 2014, Uscola et al. 2017). Differences in N 

concentration were given only by the N dose, with low N fertilized seedlings showing 

deficiency levels according to previous studies (Puértolas et al. 2003, Oliet et al. 2013). In P. 

sylvestris, on the contrary, organic N triggered lower shoot N concentration than inorganic N 

supply; though, N levels in seedlings grown at high rates of organic-N were still within the 

optimum range for this species (Cornelissen et al. 1997, Sikström et al. 1998). When fertilized 

with individual amino acids, e.g., glycine or arginine, previous studies found that P. sylvestris 

had similar or even higher N concentration than when fertilized with inorganic N (Öhlund and 

Näsholm 2001, Gruffman et al. 2012). Hence, since we supplied a mixture of several amino 

acids, the lowest N concentration in P. sylvestris seedlings grown with organic N suggests that 

not all amino acids are efficiently taken up in this species. In contrast, P. halepensis is likely a 

more generalist species in using amino acids as N source. 

Organic N clearly stimulated P uptake at low nutrient doses in both species, but the effect 

was opposite at high nutrient doses. At low nutrient availability, P uptake strongly depends on 

the expression of high-affinity transport systems (Raghothama and Karthikeyan 2005, 

Nussaume et al. 2011). Consequently, P acquisition can be efficiently maximized through an 

increased root elongation or biomass allocation to root systems to exploit the rhizosphere at 

minimal metabolic cost (Lynch and Brown 2008). Therefore, the improved root mass in low 

organic-N supplied seedlings likely supported their higher P uptake. On the other hand, in non-

limited P conditions, P uptake is given through simple diffusion or mass flow by low-affinity 

transporters (Raghothama and Karthikeyan 2005), depending mostly on the substrate 

properties controlling P mobility. In this sense, mobility and availability of P are known to 

increase with decreasing rhizosphere pH (Lynch and Brown 2008). Thus, the most acidic pH 

growing condition of high inorganic-N fed seedlings (Fig. S2.1) could contribute to their higher 

P uptake. Furthermore, roots did likely take up a higher amount of NH4
+ with inorganic N 

fertilization at high rates, further acidifying the growing medium due to increased proton 

release (H+) and, consequently, stimulating P uptake (Zeng et al. 2012). The effects of 

treatments on K status was much less marked than those of N or P and limited only for shoots 

of P. halepensis. The concentration of K in shoots of this species showed a similar interaction 

pattern than for P. In P. sylvestris, K concentration was affected by neither the N dose nor N 

source. This weak effect of nutrient dose on K concentration has been reported previously in 
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conifer seedlings (van den Driessche 1992, Birchler et al. 2001, Oliet et al. 2004). In general, 

this can be explained as K is readily leached from potting media, necessitating high K levels in 

the nutrient solution to induce a significant increase in plant K content (Oliet et al. 2004). 

Both pine species enhanced their photosynthetic pigments levels when growing with high 

organic N fertilization. However, at low N rates, seedlings with inorganic N tended to have 

higher pigments concentrations. A close relationship between N and Chl concentrations was 

expected since N is a significant component of the photosynthetic apparatus (Warren 2004). 

However, differences in Chl concentration among treatments did not mimic those differences 

in N concentration (Fig. 2.2a-b, Table S2.2). Similarly, Yao et al. (2011) reported that varying 

N forms (NO3
- vs. NH4

+) affected the Chl concentration in pine species, but such differences 

were not related to the effects on the N status. This suggests that the N source could trigger 

changes in the N partitioning in leaves, with organic N prioritize channeling N to 

photosynthetic machinery despite their low needle N concentration. 

Overall, we found that proline concentration before hardening was lower in high-fertilized 

seedlings that it was attributable to dilution effects. However, in P. sylvestris, we found that 

differences between N doses were only significant for inorganic-N fed seedlings. Thus, proline 

levels in this species were likely linked to some nutrient deficiencies or imbalances (Srivastava 

and Singh 2006). For instance, we observed that seedlings with high proline concentration had 

as well lower P concentration relative to the optimal P levels reported for P. sylvestris (Fig. 

2.2d and Table S2.2) (Palomäki and Holopainen 1994, Cornelissen et al. 1997). 

Influence of organic N supply on morpho-physiology and cold hardening dynamics 

In this study, we found that seedlings of P. halepensis and P. sylvestris increased their frost 

tolerance substantially during autumn. Contrary to our hypothesis, organic N supply did not 

show clear benefits on the frost resistance levels of both species, and the slight improvements 

of December and January were detected only for the eco-dormant species P. halepensis. But, 

interestingly, amino acid nutrition boosted some biochemical and physiological adjustments 

linked to the cold hardening dynamics during winter. Besides, contrary to previous findings in 

a similar study by Toca et al. (2018), high N fertilization in P. halepensis seedlings barely 

caused lower frost tolerance than low N fertilization, and only in January (Table 1). Then, in 

the endo-dormant P. sylvestris, the expected increase of frost tolerance by high N fertilization 

was minimum, and only in October. 
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As expected, both species clearly differed in their shoot growth pattern in response to N 

supply. On one side, in P. halepensis, cessation of shoot elongation was unaffected by neither 

N source nor N dose. Indeed, seedlings kept relatively high growth rates until mid-autumn, 

even in low N availability. In this sense, Puértolas et al. (2005) suggest that temperature is the 

primary cue inducing cold hardening in P. halepensis, while N level was secondary. Thus, 

autumn temperatures in our study conditions were likely mild not to cause early growth 

cessation in low N fertilized seedlings. On the other hand, P. sylvestris seedlings had a marked 

growth cessation in early autumn, especially at low N fertilization. Additionally, in this species, 

we found that organic N supplied seedlings ceased their shoot elongation slightly later. 

However, such differences were insufficient to yield substantial changes in frost tolerance. This 

result agrees with previous studies showing that changes in growth cessation by N fertilization 

did not affect frost tolerance levels in conifers seedlings (Rikala and Repo 1997, Luoranen et 

al. 2008, Toca et al. 2018). 

During cold hardening, a significant increase in shoot mass was found mainly because of 

growth in diameter, as shoot elongation virtually ceased in both species. Shoot mass increase 

in P. halepensis was further improved in seedlings supplied at high rates of organic-N, 

especially after mid-December. This secondary growth implies some cambial activity 

supported by a continuous supply of carbohydrates (Fernández et al. 2003, Begum et al. 2013). 

Indeed, the highest chlorophylls concentration in P. halepensis at high rates of organic N (Table 

S2.2) suggests an enhanced photosynthetic activity to support secondary growth during winter. 

In P. sylvestris, shoot mass increase was similar between N sources. However, we observed 

that organic-N fertilization stimulated the development of secondary needles, which might 

have an adaptive role in frost tolerance (Climent et al. 2009). On the other hand, both species 

showed a relatively higher increase in roots mass than shoots (Fig. 2.3), implying greater 

photosynthate allocation to the root system during winter (Miller and Timmer 1997, Iivonen et 

al. 2001). This effect was more evident in P. sylvestris seedlings grown with high rates of 

inorganic N, probably supported by their higher N levels (Fig. 2.2b). The increasing biomass 

pattern concurred with the reduction of N and K concentrations in shoots during cold hardening 

in both species (Fig. S2.3), suggesting effects of dilution by growth in winter because there 

was no additional supply of nutrients. This outcome could further explain the lack of a direct 

relationship between either N or K levels and frost tolerance across time in our study. 
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Increases in frost tolerance over time concurred with the accumulation of soluble sugars, 

which are thought to act as cryoprotective compounds to decrease the freezing point of water 

in cells (Gusta and Wisniewski 2013, Chang et al. 2015). Regardless of the N dose, we found 

that organic N supply induced higher soluble sugars accumulation in P. halepensis, which 

concurred with an improved frost resistance towards the end of hardening (Fig. 2.4a and Table 

2). Worth mentioning that increasing soluble sugars along with shoot biomass gain of organic-

N supplied seedlings supports the idea that they had greater C assimilation rates during winter. 

On the other hand, we found that P. sylvestris, with markedly higher frost resistance, showed 

less accumulation of soluble sugars than P. halepensis. Thus, at the inter-specific level in pine 

species, both frost tolerance and soluble sugars accumulation seem to be uncorrelated, as also 

suggested by recent studies (Toca et al. 2018, Fernández-Pérez et al. 2018). 

Both species significantly increased the proline concentration in needles through cold 

hardening, which is known to play an essential osmoprotective role in plant freezing tolerance 

(Ashraf and Foolad 2007, Magaña Ugarte et al. 2019). Proline increase was steepest in P. 

halepensis, and, accordingly, it was correlated with the frost resistance levels (Table 2). For 

instance, low-organic-N fed seedlings showed a substantial increase in proline and higher frost 

tolerance towards late-January (Fig. 2.4c and Table 1). This result, along with that of soluble 

sugars, suggests that frost tolerance in P. halepensis relies considerably on the accumulation 

of compatible solutes, which could be boosted with organic N supply. In contrast, in P. 

sylvestris, increases in proline did not correlate well with frost tolerance across the hardening 

period. Additionally, as found for soluble sugars, proline accumulation in P. sylvestris was 

lower than that of P. halepensis for most of the hardening period, implying, at inter-specific 

level, a poor connection between proline concentration and frost tolerance. We then assumed 

that osmotic adjustment in P. sylvestris, via rises in soluble sugars or proline, appears to have 

a minor contribution to its cold acclimation. Instead, other N-rich metabolites, e.g., antifreeze 

proteins, can likely better explain its high frost tolerance (Sarjala et al. 1997, Kontunen-Soppela 

et al. 2002, Griffith and Yaish 2004). Future research might address the effects of N source on 

mechanisms involved in the synthesis of such metabolites during winter, which remains poorly 

understood. 

Increasing the proportion of Car to Chl is a common mechanism of evergreen plants to 

protect the photosynthetic apparatus against damage from photo-oxidation in winter 

(Choudhury and Behera 2001). Accordingly, in our experiment, both species increased their 
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Car:Chl ratio during cold hardening, mostly in low-N fed seedlings. However, this appeared to 

be due to reductions in Chl instead of Car biosynthesis. Thus, we are not sure whether the 

increased Car:Chl ratio could directly contribute to the frost tolerance in our study species. 

Indeed, along with Chl degradation, low-N supplied seedlings had a higher decrease in Fv/Fm 

towards late-January, implying some inactivation of photosynthetic machinery (Choudhury 

and Behera 2001, Iivonen et al. 2001). These effects clearly indicate a plant strategy to reduce 

light absorption and sustain thermal energy dissipation during winter (Verhoeven et al. 2018), 

which are common photoinhibitory responses in evergreens (Míguez et al. 2017). Thus, the 

low N availability seems to induce a higher sensitivity to photoinhibition by low temperatures, 

particularly in P. halepensis seedlings that have eco-dormant cold acclimation physiology.  

Conclusions 

This study confirmed that organic N supplied as amino acids in P. halepensis and P. sylvestris 

can sustain as suitable seedling development as the conventional N fertilization (NH4NO3), 

despite amino acids were not as efficient as inorganic N in promoting a high N status in later 

species. At low nutrient availability, inorganic-N fed seedlings showed P-deficiency stress. In 

contrast, organic N clearly stimulated P uptake at low nutrient doses. Organic N also improved 

chlorophylls concentration when was applied at high N dose, suggesting that organic N 

stimulate channeling N to photosynthetic machinery. Interestingly, these effects were 

consistent in both study species. 

Although organic N supply did not show clear benefits on the frost tolerance levels of both 

species, it might contribute to osmotic adjustments during hardening via accumulation of 

compatible solutes, such as soluble sugars and proline. From this approach, organic N 

fertilization had a different effect on cold hardening dynamics for each species. On the one 

hand, since frost tolerance of P. halepensis seedlings appears to rely considerably on the 

accumulation of those osmolytes, organic N supply might then boost its cold acclimation. On 

the other hand, increments in soluble sugars or proline in P. sylvestris seedlings seem to have 

a minor contribution to its cold acclimation; thus, no more enhancement in its high cold 

tolerance was shown with the organic N fertilization. These findings have relevant implications 

in understanding the significance of the N source in the role that N nutrition plays in frost 

tolerance of pine species, not only for forest nursery production but also in natural 

environments. 
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Supplementary data 

 

Table S2.1. Applied compounds, total amounts (mg), and nutrient ratios, based on the high N dose (130 

mg N seedling-1). Compounds and nutrient amounts for the low N dose (30 mg N seedling-1) 

are the same but corrected by a 3:13 ratio. 

Compound N P K Mg Ca S 

Inorganic-N solution       

NH4NO3 130      

KH2PO4  26 32.5    

KCl   32.5    

MgSO4*7H2O    6.5  6.5 

CaCl2     6.5  

Total  130 26 65 6.5 6.5 6.5 

Organic-N solution       

N-Amino acids§ 130      

KH2PO4  26 32.5    

KCl   32.5    

MgSO4*7H2O    6.5  6.5 

CaCl2     6.5  

Total  130 26 65 6.5 6.5 6.5 

Nutrient ratios 1 0.2 0.5 0.05 0.05 0.05 
§Amino acid mixture: Glycine (12.4%), Proline (10.2%), Alanine (7.0%), Glutamic acid (6.6%), Hydroxyproline 

(6.2%), Aspartic acid (3.1%), Leucine (2.1%), Lysine (2%), Valine (1.8%), Tyrosine (1.5%), Phenylalanine 

(1.3%), Isoleucine (0.9%), Arginine (0.9%), Threonine (0.7%), Methionine (0.6%), Histidine (0.5%), Serine 

(0.3%). 
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Table S2.2. Concentration of soluble sugars in shoots and roots, and concentration of proline and photosynthetic pigments in needles of P. halepensis and P. 

sylvestris seedlings after fertilization with two N sources: inorganic N (NH4NO3) and organic N (amino acids), at two N doses: low N (30 mg N seedling-

1) and high N (130 mg N seedling-1). Data are means ± SE (n=12, except for soluble sugars n=4). Means not sharing common letters are significantly 

different for the interaction N source × N dose (Tukey HSD test, α=0.05). 

 Low N  High N  ANOVA Pr(>F) values 

 Inorganic N Organic N  Inorganic N Organic N  N source (N) N dose (D) N × D 

Pinus halepensis          

Soluble sugars (mg g-1 DW)          

Shoot 176.0±16.8 145.1±20.5  121.1±5.9 124.9±5.0  0.360 0.018 0.245 

Roots 83.5±9.3 72.0±3.7  44.6±3.6 44.1±4.9  0.288 <0.001 0.324 

Proline (mg g-1 FW)† 1.00±0.12 0.76±0.04  0.41±0.04 0.34±0.06  0.026 <0.001 0.195 

Photosynthetic pigments (mg g-1 FW)†          

Chlorophyll a 0.91±0.05ab 0.70±0.04c  0.75±0.03bc 0.94±0.06a  0.790 0.414 <0.001 

Chlorophyll b 0.26±0.02ab 0.20±0.01b  0.25±0.01ab 0.30±0.02a  0.812 0.032 0.003 

Total chlorophylls (a + b) 1.17±0.07ab 0.90±0.05c  1.00±0.04b 1.24±0.08a  0.786 0.211 <0.001 

Total carotenoids (x + c) 0.27±0.03a 0.20±0.03b  0.19±0.04b 0.23±0.01ab  0.150 0.033 <0.001 

Pinus sylvestris          

Soluble sugars (mg g-1 DW)          

Shoot 137.7±12.7 138.6±7.7  127.6±6.7 148.7±11.9  0.295 0.999 0.331 

Roots 46.3±13.2 40.9±4.8  28.3±3.9 30.7±5.7  0.832 0.055 0.569 

Proline (mg g-1 FW)† 0.82±0.11a 0.69±0.06ab  0.44±0.06b 0.69±0.06ab  0.439 0.020 0.015 

Photosynthetic pigments (mg g-1 FW)†          

Chlorophyll a 1.27±0.09ab 0.98±0.12b  1.27±0.07ab 1.45±0.11a  0.620 0.024 0.027 

Chlorophyll b 0.29±0.10 0.30±0.12  0.34±0.09 0.39±0.16  0.412 0.060 0.518 

Total chlorophylls (a + b) 1.56±0.11 1.28±0.16  1.61±0.09 1.84±0.16  0.871 0.029 0.065 

Total carotenoids (x + c) 0.33±0.02ab 0.25±0.03b  0.30±0.02ab 0.37±0.03a  0.685 0.057 0.002 
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Figure S2.1. Electrical conductivity (a) and pH (b) of the nutrient solutions, recorded throughout the 

fertilization period following an exponential rate for low (30 mg N seedling-1, gray lines) and 

high (130 mg seedling-1, black lines) N dose and inorganic (NO3NH4) or organic (amino acid 

mixture) N source. Low N rate solutions were not measured in April. 

 

Figure S2.2. Shoot and root mass in one-year old Pinus halepensis (a) and P. sylvestris (b) seedlings 

after fertilization with two N sources: inorganic N (NH4NO3) and organic N (amino acids), at 

two N doses: low N (30 mg N seedling-1) and high N (130 mg N seedling-1). Data are means ± 

SE (n=12). For significant effects of N source (N), N dose (D), or their interaction, significance 

level is represented as: ‘***’ p<0.001, ‘**’ p<0.01, ‘*’ p<0.05, and ‘(.)’ p<0.10. 
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Figure S2.3. Concentrations of N (a, b) and K (b, c) in shoots of Pinus halepensis and P. sylvestris 

seedlings during cold hardening after being fertilized with two N sources: inorganic N 

(NH4NO3, solid lines) and organic N (amino acids, dashed lines), at two N doses: low N (30 

mg N seedling-1, grey symbols) and high N (130 mg N seedling-1, black symbols). Data are 

means ± SE (n=4). For significant effects of Date (T), N source (N), N dose (D), or their 

interactions, significance level is represented as: ‘***’ p<0.001, ‘**’ p<0.01, ‘*’ p<0.05, and 

‘(.)’ p<0.10. 
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Figure S2.4. Curves for predicted probabilities of needle damage of Pinus halepensis and P. sylvestris 

seedlings by freezing at different temperatures in distinct hardening stage: mid-October (a, b), 

mid-December (c, d), and late-January (e, f). Before hardening, seedlings were fertilized with 

two N sources: inorganic N (NH4NO3, solid lines) and organic N (amino acids, dashed lines), 

at two N doses: low N (30 mg N seedling-1, grey lines) and high N (130 mg N seedling-1, black 

lines). Needle damage was assessed visually two months after frost (visual damage index, VDI). 

The grey horizontal line illustrates 50% probability of needle damage. 
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Abstract 

Drought is a limiting factor to forest regeneration and restoration, which is likely to increase in 

intensity and duration under future climates. Nitrogen (N) nutrition is related to drought- 

resistance mechanisms in trees. However, the influence of chemical N form (inorganic and 

organic N) on physiological traits related to drought resistance has been sparsely studied in 

conifer seedlings. We investigated the effect of N forms on morpho-physiological traits of 

Pinus ponderosa seedlings and subsequent influences in drought tolerance and acclimation. 

One-year-old seedlings were fertilized during 10 weeks at 9 mM N with different N forms 

[either NH4
+, NO3

-, or organic N (amino acids mixture)] in their second year of growth. After 

fertilization, we measured traits associated with intrinsic drought tolerance (shoot water 

relations, osmotic regulation, photosynthesis, and cell membrane stability). Seedlings were 

then subjected to an 8-week drought period at varying drought intensities to evaluate plant 

acclimation mechanisms. We demonstrated that P. ponderosa seedlings could efficiently use 

amino acids as a primary N source, showing similar performance to those grown with inorganic 

N forms. Nitrogen form influenced mainly drought-acclimation mechanisms rather than 

intrinsic drought tolerance. Osmotic potential at saturation (Ψπsat) was marginally affected by 

N form, and a significant relationship between proline concentration in needles and Ψπsat was 

found. During acclimation, seedlings fertilized with organic N minimized needle senescence, 

retained more nutrients in the oldest needles, had maximum increments in proline 

concentration, and hastened the development of water use efficiency mechanisms compared to 

those fertilized with inorganic N sources. Our results suggest an improved physiological 

drought acclimation of organic N fertilized seedlings. 

Key words: ammonium, amino acids, nitrate, nutrient dynamics, proline, water use efficiency. 
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Resumen 

La sequía es un factor limitante para la regeneración y restauración forestal, cuya intensidad y 

duración podrían incrementarse en escenarios climáticos futuros. La nutrición nitrogenada se 

relaciona con los mecanismos de resistencia a sequía de las plantas. Sin embargo, apenas se ha 

estudiado la influencia de la forma química de N (N inorgánico y orgánico) en los atributos 

fisiológicos relacionados con la resistencia a sequía en coníferas. Se investigó la influencia de 

las formas de N en atributos morfo-fisiológicos de plantas de Pinus ponderosa y subsecuentes 

efectos en la tolerancia y aclimatación a la sequía. Plantas de un año fueron fertilizadas durante 

10 semanas a 9 mM N con diferentes formas de N [sea NH4
+, NO3

-, o N orgánico (mezcla de 

aminoácidos)] en el segundo año de crecimiento. Después de la fertilización, se midieron 

atributos asociados con la tolerancia la sequía (relaciones hídricas, regulación osmótica, 

fotosíntesis y estabilidad del plasmalema). Posteriormente, las plantas fueron sometidas a un 

periodo de endurecimiento de ocho semanas bajo diferentes intensidades de sequía para evaluar 

los mecanismos de aclimatación. Se demostró que las plantas de P. ponderosa pudieron usar 

eficientemente los aminoácidos como fuente primaria de N, mostrando un desempeño similar 

a aquellas cultivadas con formas inorgánicas de N. La forma de N influyó principalmente en 

los mecanismos de aclimatación a la sequía en lugar de en la tolerancia intrínseca. El potencial 

osmótico a saturación (Ψπsat) fue marginalmente afectado por la forma de N. Además, se 

encontró una relación significativa entre la concentración de prolina en hojas y el Ψπsat. Durante 

la aclimatación, las plantas fertilizadas con N orgánico mostraron menor senescencia de 

acículas, retuvieron más nutrientes en acículas viejas, tuvieron un mayor incremento de prolina 

y un aumento rápido en la eficiencia del uso del agua. Los resultados sugieren una mejor 

aclimatación a la sequía en plantas fertilizadas con N orgánico. 

Palabras clave: aminoácidos, amonio, dinámica de nutrientes, eficiencia en el uso del agua, 

nitrato, prolina. 
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Introduction 

Drought events are one of the main drivers of tree mortality in forests worldwide (Allen et al. 

2010). Greater drought frequency and intensity, as a consequence of climate change, may 

increasingly compromise natural forest regeneration (Andivia et al. 2018), but also constrain 

seedling establishment in reforestation projects. Drought impacts on the distribution and 

demography of plant species are associated with performance of seedlings under water stress 

(Lopez-Iglesias et al. 2014, Benavides et al. 2015), which is often the most vulnerable life stage 

of trees (Castro et al. 2005, Comita and Engelbrecht 2009, Harrison and LaForgia 2019). 

Therefore, future limitations to forest regeneration might be alleviated by planting seedlings 

that are well-adapted to drought (Kolb et al. 2016). In this sense, enhanced seedling nutrition 

may increase the speed at which seedlings can overcome planting stress on the forest 

restoration site (Grossnickle 2012). 

Nutrient availability drives changes in carbon (C) allocation and functional traits, which 

may have consequences on water economy and drought tolerance (Goldstein et al. 2013). 

Particularly, nitrogen (N) is strongly related to the development of drought-resistance 

mechanisms in seedlings (Villar-Salvador et al. 2012, Oliet et al. 2013), such as net 

photosynthetic rates, intrinsic water use efficiency (WUEi), hydraulic conductance, and shoot-

to-root ratio (Gessler et al. 2017, Zhang et al. 2018). Nevertheless, the magnitude or direction 

of those effects remains under debate (Villar-Salvador et al. 2013). In addition, response of 

stress resistance to N supply or stored N can be species-specific (Toca et al. 2018), necessitating 

study of responses to N nutrition and its linkage with stress-resistance mechanisms for an 

individual species or functional group. 

The chemical form of N can also affect plant morphology and physiological attributes 

linked to seedling drought responses. For instance, higher root hydraulic conductance has been 

observed in pine seedlings cultivated with NH4
+ compared with NO3

- (Gebauer and Bassirirad 

2011). However, NH4
+-fed seedlings, with high hydraulic conductivity, tended to be more 

affected by drought (Faustino et al. 2015). Even though many conifers appear to have high 

preference for NH4
+ (Rothstein and Cregg 2005, Bown et al. 2010, Boczulak et al. 2014), high 

rates of this cation can trigger toxicity effects (Griffin et al. 1995, Britto and Kronzucker 2002) 

and hinder the uptake of other cations, such as K+, Ca2+, and Mg2+ (Mehne-Jakobs and Gülpen 

1997, Rothstein and Cregg 2005). On the other hand, other conifer species seem to prefer NO3
-

, showing improved photosynthetic performance and higher growth than when grown with 
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NH4
+ (Yao et al. 2011, Boczulak et al. 2014). Nevertheless, the NO3

- involves higher energy 

demand for assimilating to the reduced forms (Zerihun et al. 1998), and this process can be 

impaired by drought (Huang et al. 2018).  

A wide range of plants, including conifers, can also use organic N forms (e.g., amino acids 

and proteins) (Persson et al. 2003, Näsholm et al. 2009, Nacry et al. 2013). In fact, net uptake 

rates of amino acids could be similar to those of NH4
+ or higher than NO3

- (Uscola, Oliet, et al. 

2014, Gruffman et al. 2014, Uscola et al. 2017). Furthermore, studies have demonstrated 

positive effects of exogenous amino acids supply on growth and yield of crops under drought 

stress (Ashraf and Foolad 2007 and references therein). However, plant morphological and 

physiological responses to fertilization with amino acids have been sparsely studied in conifer 

seedlings. Additionally, it is still unclear about how physiological functions related to drought 

tolerance and acclimation can be affected by the different chemical forms of N. 

We examined the role of N form on the drought resistance of ponderosa pine (Pinus 

ponderosa Dougl. ex Laws.) seedlings. Specifically, we investigated whether (i) different N 

forms affect morphological and physiological traits of ponderosa pine seedlings in the short-

term, and (ii) whether this short-term effect can drive changes in seedling drought tolerance 

and drought acclimation. Ponderosa pine, which is one of the most widely distributed pines in 

North America (Farjon and Filer 2013), is a drought-tolerant species yet has recently been 

reported as one of the most drought-affected tree species in the montane conifer forests of the 

western US (Fettig et al. 2019). 

Material and Methods 

Plant material and fertilization treatments 

Seeds of Pinus ponderosa Douglas ex C. Lawson from Chelan (Washington) were sown in 

February 2016 in pots (170 cm3, 415D Styroblock®, Stuewe and Sons Inc, Tangent, OR) filled 

with 80:20 peat:perlite mix and 605 mg seedling-1 of 18:6:8 N:P:K controlled-release fertilizer 

pre-incorporated (Nutricote Total Type 180, Arysta LifeScience America Inc, New York, NY). 

All seedlings were grown under equivalent operational practices at Webster Nursery near 

Olympia, Washington, USA (46.95°N, 122.96°W, 60 masl). Seedlings were grown under 

greenhouse cover until June 3, 2016, when they were moved outdoors, and in October they 

were lifted from pots and placed in a cold-room at 4 ºC. On March 24, 2017, seedlings were 
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lifted from cold storage and shipped to Purdue University (40.46°N, 86.92°W, 190.5 masl, 

West Lafayette, IN). On March 28, 2017, a total of 520 seedlings were transplanted into 656 

cm3 pots (Deepots D40H, Stuewe and Sons Inc, Tangent, OR) filled with a 

bark:peat:vermiculite mix (Fafard® Propagation Mix, Sun Gro Horticulture, Agawam, MA) 

with 20 cavities per tray. The means of plant morphological variables at transplanting were 

14.8±0.8 cm height, 4.9±0.2 mm diameter, and 3.0±0.2, 3.4±0.2g for shoot and root mass, 

respectively (data from 21 seedlings randomly selected before assignment of treatments). 

Likewise, the needle N concentration was 1.20±0.02%. Seedlings were kept in the greenhouse 

facilities of Purdue University. 

Two weeks after transplanting, once budburst started, seedlings were assigned randomly 

to three fertilization treatments with eight trays each (160 seedlings). Each group was fertilized 

for 10 weeks at 9 mM N, for a total of 150 mg N seedling-1, with a nutrient solution differing 

only in the N form: (1) nitrate (NO3
- applied as KNO3); (2) ammonium (NH4

+ applied as an 

equimolar mixture of (NH4)2SO4 and NH4Cl); and (3) and amino acids mixture of glycine 

(18%), glutamic acid (10%), proline (8.2%), arginine (5.5%) and others such as aspartic acid 

alanine and lysine (less than 5% each) (thereafter N-org; Diamond Grow® 14-0-0, Humic 

Growth Solutions, Jacksonville, FL). Fertilization ended on June 21, 2017, when current-year 

needles were fully expanded and bud set. All nutrient solutions were prepared with distilled 

water and equally completed with P, K, Ca, Mg, and S at ratios of 0.3, 1.0, 0.6, 0.25, and 0.5 

with respect to 1.0 N. Phosphorous and K were supplied as K2HPO4, CaHPO4 and KCl (except 

for NO3
-). Magnesium, Ca, and S were applied as MgSO4, CaSO4, and CaCl2. On average, the 

electrical conductivity of nutrient solutions was 2130±94, 3105±102, and 1795±136 µS cm-1 

for NO3
-, NH4

+, and N-org solutions, respectively. An additional set of 40 seedlings (2 trays) 

were grown without fertilization as a control treatment. Fertilization was applied twice weekly, 

adding 60 ml of nutrient solution individually with a bottle top dispenser. Additionally, 

seedlings were watered until saturation with tap water between fertilization events to avoid 

toxicity due to salt accumulation in the substrate (Jacobs and Timmer 2005). Trays were placed 

randomly on a bench in the greenhouse (30.9°C/23.4°C and relative humidity of 51.9/67.2% 

day/night, natural photoperiod) and re-arranged at each fertilization event to avoid edge effects. 

Shoot water relations, gas exchange, and electrolyte leakage 

A week after the last fertilization event, shoot water relations of eight seedlings per treatment 

were determined by pressure-volume (P-V) curves following the free-transpiration method 
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described in Koide et al. (1989). Seedlings were watered to saturation and kept in dark 

conditions until the next morning for shoot sampling. Shoots were excised from roots and 

placed on a laboratory bench for progressive desiccation (25°C and RH of 60%). The shoot 

water potential (Ψshoot) and mass were measured repeatedly at given intervals with a 

Scholander-type pressure chamber (PMS Instruments, Corvallis, OR) until reaching Ψshoot 

about −3 MPa, when the constant linear decline of the P-V curve usually occurred (Anderson 

and Helms 1994). From each curve, we calculated the following parameters: osmotic potential 

at the turgor loss point (Ψπtlp), the osmotic potential at saturation (Ψπsat), the modulus of 

elasticity (ε) and the symplasm volume fraction (Vs/Vt). 

Additionally, 24 seedlings per treatment were used to assess seedling gas exchange with 

decreasing predawn water potential (Ψpd, MPa). Seedlings were watered to saturation and left 

to dry out for two weeks in a growing chamber (M18-SI, Environmental Growth Chambers 

co., Chagrin Falls, Ohio, USA) 14/10 h light/dark photoperiod at 25/20°C, respectively, with 

650 µmol photons m-2 s-1, RH of 68%, and vapor pressure deficit of 1.01 kPa. Every two days, 

Ψpd, net photosynthesis rate (A, μmol CO2 m
−2 s−1), and stomatal conductance (gs, mol H2O 

m−2 s−1) were measured in current-year needles of six randomly selected seedlings per 

treatment. Both A and gs were measured at dawn after 30 min of light acclimation with a 

Portable Photosynthesis System (LI-6400XT, LiCor Inc., Lincoln, NE) at 400 μmol mol-1 CO2, 

1500 μmol m−2 s−1 PPFD, 25 °C chamber temperature, flow rate of 500 μmol s−1, and VPD of 

1.79 kPa. 

The selected seedlings were also used to assess cell membrane stability to dehydration by 

the free transpiration technique (Martin et al. 1987). At the same time of Ψpd measurements, 

two mature needles were sampled from each seedling, cut in small pieces, and placed in vials 

containing 10 ml of deionized water. Electrical conductivity (EC) in the vials was measured 

after 24 h (ECi) with a conductivity meter (SevenEasy with an electrode InLab730, Mettler-

Toledo LLC, Polaris Parkway Columbus, OH). Then, samples were autoclaved for 10 min at 

120 °C and 2 atm and then cooled at room temperature for 1 h. Post-autoclave EC was measured 

immediately after cooling (ECf). The electrolyte leakage (EL, %) was computed as 

(ECi/ECf)*100. 
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Induced-drought acclimation setting 

After bud set and once fertilization finished, on June 21, 2017, a factorial experiment was 

designed combining the fertilization treatments (NO3
-, NH4

+, and N-org) with three drought 

levels: (1) no-drought, well-watered (Ψpd=−0.5±0.02 MPa); (2) moderate drought, maintaining 

the container weight to 60-65% with respect to saturation (Ψpd=−0.9±0.05 MPa); and (3) severe 

drought, the container weight was reduced to 45-50% (Ψpd=−1.8±0.15 MPa). We used 36 

randomly selected seedlings per fertilization treatment for each drought level. Drought 

treatments lasted 60 days, until August 20, 2017, under greenhouse conditions (30.3°C/23.6°C 

and RH of 56.9/70.0% day/night, natural photoperiod). Measurements of Ψpd, gas exchange, 

and the intrinsic water use efficiency (WUEi, calculated as A/gs) on six randomly selected 

seedlings per treatment were made 30, 44, and 58 days after imposing drought levels. 

Harvest and morphology assessment 

For morphological, nutritional, and biochemical analysis, we harvested 10 seedlings per 

fertilization treatment after fertilization was completed (T1; June 21, 2017), and 12 seedlings 

per fertilization and drought treatment at the end of the drought experiment (T2; August 20, 

2017). All seedlings were immediately frozen at −20 °C until processing. Shoot height and 

diameter at the cotyledon insertion point were measured in each seedling. Then, seedlings were 

separated into one-year-old needles (grown in the first year before the experiment), current-

year needles (growing under experimental conditions), stem, coarse roots (>2mm in diameter), 

and fine roots. All fractions were dried at 65 °C for 48 h and weighed. Needles of both types 

were ground separately to a fine powder in a ball mill (Retsch MM 200, Haan, Germany). 

Measurement of nutrient concentration, soluble sugars, photosynthetic pigments, and free 

proline 

In harvested samples, needle N, P, and K concentrations were estimated in both one-year-old 

and current-year needles separately by Near-Infrared Spectroscopy (NIRS) with a Foss-NIR 

System 5000 spectrometer (Foss-NIRSystems Inc., Silver Spring, MD, USA). Spectra were 

collected and reflectance data at different wavelengths derived from them were introduced in 

a prediction model previously fitted following the methodology in Shenk and Westerhaus 

(1994). Total soluble sugars concentrations were assessed by NIRS according to Ramirez et al. 

(2015). 
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Photosynthetic pigments and free proline concentrations were measured in current-year 

needles at times T1 and T2. Photosynthetic pigments were determined as chlorophyll a, 

chlorophyll b, and total carotenoids and xanthophylls, according to Barnes et al. (1992). 

Briefly, 50 mg of fresh leaf samples were cut in small pieces and placed in 10 ml centrifuge 

tubes with 5 ml of dimethyl sulfoxide (DMSO). Samples were maintained 24 h in dark 

conditions for extraction. The supernatant was separated, and its absorbance was measured at 

665.1 nm, 649.1 nm, and 415 nm, using a spectrophotometer (UV-1601B, Shimadzu scientific 

instruments INC., Kyoto, Japan). The concentration of each group of photosynthetic pigments 

was calculated according to equations in Wellburn (1994). Proline concentration was 

determined in 250-300 mg of fresh tissue by the ninhydrin-acetic acid method described by 

Ábrahám et al. (2010). Proline was extracted in 3% aqueous sulfosalicylic acid solution, the 

extract was mixed with acid ninhydrin solution, incubated for 60 min at 95 °C, cooled on ice 

and then re-extracted with 4 ml of toluene. Absorbance was measured in the toluene at 520 nm, 

against a proline calibration line.  

Statistical analyses 

The effects of N form on morphological variables, nutrient status, biochemical variables, and 

P-V curves parameters at T1 were tested by one-way ANOVAs, while the effects of N form 

and drought at T2 were tested by two-way ANOVAs. Data homoscedasticity and normality 

were checked with the Levene’s test and the Shapiro-Wilk Normality test, respectively. When 

required, data were log-transformed to meet the ANOVA assumptions. These analyses were 

done with ‘stats’ (R Core Team 2013) and ‘car’ (Fox and Weisberg 2011) packages in R. When 

effects were significant (α<0.05), differences among means were tested using Tukey’s post hoc 

tests using the package ‘agricolae’ (de Mendiburu 2016). 

The dependence of gas exchange (A, gs) or EL on Ψpd, was determined with a non-linear 

model based on a four-parameter logistic function: 𝑦 = 𝑎 + ((𝑏 − 𝑎)/(1 + exp((𝑐 −

Ψpd)/𝑑)), where y is the predicted response (A, gs, or EL); a and b are the horizontal asymptotes 

on the left and right side, respectively; c represents the Ψpd at 50% loss of A or gs, or 50% of 

EL reached; d is a scale parameter describing the rate of change. When fitting gas exchange 

data, the asymptotic value of a was used as a fixed parameter given by the mean of maximum 

values of A (15.19 µmol CO2 m-2 s-1) or gs (0.286 mol H2O m-2 s-1) of each fertilization 

treatment. Similarly, for fitting EL data, the parameter b was fixed as the mean of maximum EL 
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value of each group (67.5%). Models fitting were done with the function nls in the ‘stats’ 

package of R (R Core Team 2013), and the models fit diagnoses were completed via the 

package ‘nlstools’ (Baty et al. 2015). The effect of the N form on the relationship between A, 

gs, or EL and Ψpd was assessed by comparing the Akaike information criterion (AIC) of two 

alternative nested models (Burnham et al. 2011): (1) a reduced model which assumes that the 

vectors of parameters are equal for all treatments, and (2) a full model with a different set of 

parameter estimates for each N form. 

Relative changes of concentration of N, P, K, soluble sugars, chlorophylls, and proline 

after drought acclimation were computed as: ((𝑦𝑖𝑗𝑘 − 𝑦�̅�)/ 𝑦�̅�) ∗ 100, where 𝑦𝑖𝑗𝑘 is 

concentration in the sample i of the N form treatment j at the drought level k, and 𝑦�̅� is the pre-

drought condition average corresponding to the N form j. Then, two-way ANOVAs were used 

to assess the effects of N form and drought on these variables, followed by a Tukey’s post hoc 

tests when the effects were significant. These analyses were done for both one-year-old and 

current-year needles separately. 

Finally, WUEi along drought acclimation was analyzed using a linear mixed-effects 

model, with sampling date, N form, and Ψpd (continuous) as fixed effects and seedling as a 

random effect. We used Ψpd as a continuous variable instead of drought level as a categorical 

variable to account for the variability of Ψpd within drought treatment. The model was 

linearized by log-transforming both Ψpd and WUEi, since the graphical exploration of residuals 

with untransformed data indicated heteroscedasticity. The model fit was done with the function 

lmer of the package ‘lme4’ (Bates et al. 2015), followed by a multiple comparison test with the 

Tukey’s method using the package ‘emmeans’ (Lenth 2019). 

Results 

Biomass partitioning and nutritional status after fertilization 

After 10 weeks, fertilization with inorganic N forms (NO3
-, and NH4

+) increased plant mass 

with respect to non-fertilized plants (p=0.027; see Fig. S3.1). N-org fertilized seedlings had 

intermediate plant mass without differences from either inorganic N forms or non-fertilized 

seedlings. Differences in plant mass were mainly explained by an increment of current-year 

needle mass (p<0.001), in which all N forms produced similar values and were significantly 

larger than non-fertilized seedlings. 
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All nutrient concentrations (N, P, and K) in fertilized seedlings were higher than in non-

fertilized seedlings, except K concentration in one-year-old needles. Furthermore, significant 

differences of N concentration in both one-year-old and current-year needles were found 

among N forms. NH4
+ and N-org fertilized seedlings showed higher N concentration than NO3

-

-fertilized seedlings, while the control seedlings had the lowest N concentration (Table 3.1). 

The concentration of soluble sugars in current-year needles was higher than in one-year-old 

needles. Fertilized seedlings showed similar soluble sugar concentration among N forms, but 

in general, lower than non-fertilized seedlings. Additionally, fertilization significantly 

increased photosynthetic pigments, with no differences among N forms. Fertilization induced 

proline accumulation in needles, but only NH4
+-fed seedlings had a statistically higher proline 

concentration than non-fertilized seedlings. 

Table 3.1. Needle concentration of nutrients, soluble sugars, photosynthetic pigments, and proline at 

the end of fertilization period (T1) of one-year-old Pinus ponderosa seedlings fertilized at 9 mM 

N with different N forms for ten weeks: non-fertilized, nitrate (NO3
-), ammonium (NH4

+), and 

organic N (N-org). 

  Nitrogen form  ANOVA results  

 Non-fertilized NO3
- NH4

+ N-org  F3,36 Pr(>F) 

N (mg g-1 DW) 

One-year-old needle 9.5±0.5b 10.3±0.3b 12.7±0.5a 12.4±0.5a  12.16 <0.0001 

Current-year needle 11.0±0.5c 17.7±0.4b 21.5±0.6a 21.1±0.8a  59.64 <0.0001 

P (mg g-1 DW) 

One-year-old needle 1.46±0.19b 2.07±0.07a 2.24±0.09a 2.18±0.09a  4.76 0.0069 

Current-year needle 1.89±0.12b 2.64±0.13a 2.81±0.15a 2.56±0.13a  5.55 0.0032 

K (mg g-1 DW) 

One-year-old needle 6.4±0.4 7.0±0.3 6.9±0.3 6.6±0.3  0.67 0.5749 

Current-year needle 9.8±0.8b 13.0±0.4a 13.0±0.3a 13.4±0.4a  4.87 0.0064 

Soluble sugars (mg g-1 DW) 

One-year-old needles 61.3±5.0 55.9±6.2 48.8±6.6 42.5±4.5  2.41 0.0843 

Current-year needles 91.7±7.1a 68.6±3.3b 71.2±3.9b 67.3±4.0b  5.65 0.0030 

Photosynthetic pigments (mg g-1 FW)† 

Chlorophylls (a + b) 0.78±0.05b 1.16±0.05a 1.19±0.09a 1.19±0.09a  10.37 <0.0001 

Carotenoids (x + c) 0.17±0.01b 0.23±0.01a 0.23±0.02a 0.22±0.02a  6.41 0.0014 

Proline (µmol g-1 FW)† 0.56±0.06b 0.81±0.09b 1.12±0.08a 0.76±0.06b  10.41 <0.0001 
 †Determined in current-year needles. Data are means ± SE (n=12). Whiting a row, letters indicate statistical 

differences (Tukey HSD test, α=0.05). The two last columns are the F and p-values of one-way ANOVA. 

Water relations and physiological responses to desiccation before drought-acclimation 

Water relations from P-V curves showed values of Ψπsat and Ψπtlp around −1.68±0.03 and 

−2.35±0.04 MPa, respectively. Nitrogen form did not significantly affect the shoot water 

relations in absence of drought acclimation. However, marginal differences in Ψπsat among N 

forms were found (p=0.080; see Table S3.1), with NH4
+-fertilized seedlings showing lower 
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Ψπsat than those with NO3
-, while seedlings with N-org had an intermediate value. Proline 

concentration was negatively correlated with Ψπsat (r=−0.65, Fig. 3.1). However, concentration 

of soluble sugars was not significantly associated with neither Ψπsat nor Ψπtlp (data not shown). 

 

Figure 3.1. Relationship between proline concentration in current-year needles and Ψπsat of 1.5-year-old 

Pinus ponderosa seedlings fertilized with different N form for ten weeks: nitrate (NO3
-), 

ammonium (NH4
+), and organic N (N-org). Each point represents the mean value of seedlings 

in the same tray (1-2 seedlings per tray). 

Dynamics of gas exchange throughout the progressive desiccation showed a sharp decline 

of A and gs from −0.45 to −2.0 MPa of Ψpd, when they were close to zero, concurring 

approximately with the Ψπtlp (see Fig. S3.2 and Table S3.1). This pattern was similar among N 

forms, i.e., the full models did not enhance the goodness-of-fit relative to reduced model. 

Similarly, cell membrane stability with decreasing Ψpd did not differ among N forms. Overall, 

EL started to increase sharply from Ψpd around −2 MPa, while 50% of EL (inflection point of 

the curve) was found at −4.4 MPa. 

Biomass and nutrient dynamics during the drought-acclimation period 

Drought affected mainly the mass of both one-year-old needles and roots (see Table S3.2). 

One-year-old needle mass decreased relative to pre-drought condition owing to needle 

senescence around 27 and 39% at moderate and severe stress, respectively, while in non-

stressed seedlings remained unchanged (p=0.004, Fig. 3.2A). In contrast, both coarse and fine 

roots mass increased respect to pre-drought condition, but only in moderate and control 

treatments (both p<0.001, Fig. 3.2E). Seedlings showed similar biomass dynamics among N 
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forms for all plant components, except in coarse roots. N-org fertilized seedlings increased 

coarse roots mass more than NO3
−-fed seedlings, while seedlings with NH4

+- had an 

intermediate increase relative to pre-drought status (p=0.035, Fig. 3.2 F). 

 

Figure 3.2. Relative changes in mass of needles (A-B), stem (C-D), and roots (E-F) one-year-old Pinus 

ponderosa seedlings fertilized with different N forms at 9 mM N for ten weeks: nitrate (NO3
-), 

ammonium (NH4
+), and organic N (N-org) and then subjected to three drought levels for 60 

days: no-drought (ND, Ψpd=−0.5±0.02 MPa), moderate (M, Ψpd=−0.9±0.05 MPa) and severe 

(S, Ψpd=−1.8±0.15 MPa). Data are means and 95% confidence intervals (n=36). Means not 

sharing common letters are significantly different (Tukey HSD test, α=0.05). 

At the end of acclimation, similar N concentration was found across drought levels, but P 

and K concentrations in both needle types were higher in drought-stressed seedlings (see Table 

S3.2). On the other hand, concentrations of N and P were higher in both NH4
+- and N-org 

fertilized seedlings than those with NO3
−; although, differences in N concentration were 
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significant only in current year needles. Potassium concentration in both needle types was 

unaffected by N form.  

Overall, N concentration in both one-year-old and current-year needles showed a negative 

change relative to pre-drought status (Fig. 3.3A), independently of either drought or N form 

(all p>0.05). Conversely, dynamics of N content were affected by drought intensity, but it was 

different in both needle types. While N content in one-year-old needles decreased significantly 

with increasing drought severity (p=0.004), N content in current-year needles decreased mainly 

in non-stressed seedlings (p=0.003, Fig. 3.3B). Nitrogen form only marginally affected the 

change of N content in current-year needles (p=0.065), with N-org fertilized seedlings having 

a higher reduction than their counterparts. 

Drought regime influenced the change of P and K concentrations in both needle types 

(p<0.001 in all cases). Overall, non-stressed seedlings showed the highest drop of P and K 

concentration in one-year-old needles relative to the pre-drought condition, while seedlings 

under moderate and severe drought maintained nearly the same concentration of P and slight 

increased K concentration (Fig. 3.3E). The N form significantly affected the variations of P 

concentration in current-year needles (p=0.001) and K in one-year-old needles (p=0.024). On 

average, P concentration of current-year needles decreased less in N-org fertilized seedlings 

(−11.0%) than in NO3
- -fed seedlings (−25.9%), while NH4

+-fed seedlings had intermediate 

values (−18.0%) (Fig. 3.3C). Potassium concentration in one-year-old needles slightly 

increased in NO3
- fertilized seedlings (10.8%), with differences over NH4

+-fed seedlings that 

did not show K concentration variation (0.1%), whereas the N-org fed seedlings had 

intermediate values (5.2%) (Fig. 3.3E).  

There was an overall decrease of both P and K content in one-year-old needles relative to 

pre-drought status. This change was influenced by N form (p=0.026 and p=0.038, for P and K, 

respectively), but not by drought level (p=0.176 and p=0.075, for P and K, respectively). 

Seedlings fertilized with N-org tended to have less reduction of P and K contents in one-year-

old needles (Fig. 3.3D, F). Conversely, the relative change of P and K content in current-year 

needles was affected only by the drought regime (both p<0.001). Non-stressed seedlings 

showed a significant decrease of P and K contents in current-year needles, while both moderate 

and severe stressed seedlings remained nearly unchanged. 
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Figure 3.3. Relative changes of nutrient concentration and content [N (A-B), P (C-D), and K (E-F)] in 

one-year-old and current-year needles of Pinus ponderosa seedlings after eight weeks exposed 

to three drought levels: no-drought (ND, Ψpd=−0.5±0.02 MPa), moderate drought (M, 

Ψpd=−0.9±0.05 MPa), and severe drought (S, Ψpd=−1.8±0.15 MPa), compared with the 

condition before drought-stress. The seedlings were fertilized for ten weeks with different N 

forms before the drought period: nitrate (NO3
-), ammonium (NH4

+), and organic N (N-org). The 

horizontal dashed lines represent the conditions before drought-stress. Data are means and 95% 

confidence intervals (n=18). Means not sharing common letters are significantly different 

(Tukey HSD test, α=0.05). 

Concentration of soluble sugars, photosynthetic pigments, and proline after drought 

acclimation 

The concentration of soluble sugars in one-year-old needles increased mainly at moderate 

stress (27.3%) with respect to pre-drought condition, followed by the severe level (18.6%) and 

no drought (2.6%) (p=0.046, Fig. 3.4A). In contrast, both non-stressed and moderate-stressed 
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seedlings showed a drop of soluble sugars in current-year needles (-14.4 and -8.5%, 

respectively), differing with respect to severe-stressed seedlings, which had a slight increase 

(3.5%) (p=0.002). The N form influenced only the soluble sugars concentration increases in 

the oldest needles (p=0.05, Fig. 3.4B), with N-org fertilized seedlings showing a higher 

increase (29.9%) than the NH4
+-and NO3

--fertilized seedlings (9.7 and 8.7%, respectively). 

 

Figure 3.4. Relative changes in concentration of soluble sugars (A-B), chlorophylls (C-D), and proline 

(E-F) in one-year-old and current-year needles of one-year-old Pinus ponderosa seedlings after 

eight weeks exposed to three drought levels: no-drought (ND, Ψpd=−0.5±0.02 MPa), moderate 

drought (M, Ψpd=−0.9±0.05 MPa), and severe drought (S, Ψpd=−1.8±0.15 MPa), compared with 

the condition before drought-stress. The seedlings were fertilized for ten weeks with different 

N forms before the drought period: nitrate (NO3
-), ammonium (NH4

+), and organic N (N-org). 

The horizontal dashed lines represent the conditions before drought-stress. Data are means and 

95% confidence intervals (n=36, except for soluble sugars n=18). Means not sharing common 

letters are significantly different (Tukey HSD test, α=0.05). 
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Concentration of photosynthetic pigments were similar across drought levels after the 

acclimation, but N form significantly affected both chlorophyll and carotenoid concentrations 

(see Table S3.2). Overall, NH4
+ and N-org fertilized seedlings had higher photosynthetic 

pigments than NO3
− fertilized seedlings. Similarly, there was an effect of N form on the relative 

change of chlorophyll concentration (p<0.001). NH4
+-fed seedlings showed higher increase 

(26.0%) than NO3
--fed seedlings, which remained unchanged, while N-org fertilized seedlings 

had an intermediate increase (13.1%) (Fig. 4.4D). The relative change of carotenoids showed 

the same trend as chlorophylls (data not shown). 

Finally, proline concentration remained constant in the no-drought treatment and moderate 

drought levels, while it was significantly higher at the severe drought level (see Table S3.2). 

On average, proline concentration increased relative to pre-drought status, but it was dependent 

on both drought-severity (p=0.003) and N-form (p<0.001). Seedlings under severe drought 

increased proline concentration (87 %) more than seedlings with moderate stress (42 %) and 

non-stressed (46 %) (Fig. 3.4E). Furthermore, both N-org and NO3
--fertilized seedlings 

increased proline concentration (80 and 69 %, respectively) more than NH4
+ fertilized seedlings 

(27 %) (Fig. 3.4F). 

Water use efficiency along drought acclimation 

In general, A differentiated clearly among the imposed drought levels along the acclimation 

period (12.3±0.4, 5.7±0.3, and 2.6±0.2 µmol CO2 m
-2 s-1 for no-drought, moderate, and severe 

level, respectively). A negative association was found between the WUEi and Ψpd, i.e., WUEi 

increased as Ψpd decreased, but this relationship changed over time (interaction Ψpd × date, 

p=0.008). Overall, the drought-stressed seedlings increased their WUEi along the acclimation 

period, while the non-stressed seedlings had similar values among the sampling dates (Fig. 

3.5). The increasing trend of WUEi along the acclimation period was dependent on N form 

(interaction Date × N form: p=0.004). WUEi in N-org fertilized seedlings increased with 

drought level to reach the maximum at 44 days since the drought started, while NH4
+ and NO3

-

-fed seedlings increased the WUEi with a maximum at the end of the drought period (58 days) 

when differences across N forms disappeared. 
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Figure 3.5. Relationship between intrinsic water use efficiency (WUEi, logarithm units) and predawn 

water potential (Ψpd) in one-year-old Pinus ponderosa at different times since they were 

exposed to distinct levels of drought-stress: no-drought (circles), moderate (squares) and severe 

(diamonds). Seedlings were fertilized at 9 mM N with different N forms: nitrate (NO3
-, white 

filling), ammonium (NH4
+, gray filling), and organic N (N-org, black filling) during ten weeks 

before drought period. Data are means ± SE (n=6). Lines are the predicted values for each N 

form treatment. 

Discussion 

Influence of N form on morphology and nutrient status 

This study provides evidence that P. ponderosa can grow properly with amino acids as the 

exclusive N source in the growing medium. Similarly, in other conifer species, such as Pinus 

sylvestris and Picea abies, organic N supply has shown positive effects on seedling growth, 

further improving N use efficiency and survival after planting in the field (Öhlund and Näsholm 

2001, 2002, Gruffman et al. 2012, Franklin et al. 2017). Both NH4
+ and N-org fertilized 

seedlings showed similar needle N concentration but higher than NO3
--fed seedlings (Table 

3.1). Despite the high N concentration supplied (9 mM), the lower N concentration of NO3
--

fertilized seedlings could be associated with low NO3
- uptake rates, as has been shown in 

conifers (Marschner et al. 1991, Kronzucker et al. 1997, Uscola et al. 2017). Earlier studies 

have suggested that P. ponderosa seedlings show low uptake capacity and toxicity symptoms 

for NH4
+ (Griffin et al. 1995, BassiriRad et al. 1997). In our study, however, NH4

+ fertilization 

led to suitable nutrient loading and did not produce visual symptoms of toxicity. Furthermore, 

NH4
+ supply did not seem to inhibit the uptake of other cations (e.g., K+), as K concentration 

was similar among N forms. 
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Water relations and drought tolerance prior to acclimation 

Nitrogen form had minor effects on drought resistance of P. ponderosa seedlings before 

acclimation. Only NH4
+-fertilized seedlings showed a slight reduction in Ψπsat compared with 

their counterparts. This weak response can be explained by the overall low plasticity of osmotic 

adjustment in Pinus species to factors such as fertilization (Villar-Salvador et al. 2013), but 

also as a phenology-related low osmotic adjustment of seedlings during shoot elongation 

(Grossnickle 1989, Colombo and Teng 1992). The decline of osmotic potential is known to be 

achieved by active accumulation of solutes within cells in plants under abiotic stress (Heuer 

2010). Among those solutes, proline plays a pivotal role in giving stability to the subcellular 

structures against stress (Ashraf and Foolad 2007, Szabados and Savouré 2010). Accordingly, 

in this experiment, Ψπsat was negatively correlated with proline concentration, and NH4
+-fed 

seedlings had significant higher proline concentration than NO3
-- and N-org fertilized 

seedlings. High proline concentration in NH4
+-fed seedlings could be a response to mild 

salinity stress induced by NH4
+ (see EC values in material and methods), as has been shown in 

horticultural crops (Claussen 2002, Fernández-Crespo et al. 2012). Other organic compounds 

(e.g., soluble sugars) and inorganic ions (e.g., K+), could also contribute to the osmotic 

adjustment (Chaves et al. 2003, Wang et al. 2013). Nevertheless, we found a lack of correlation 

of Ψπsat with either soluble sugars or K concentration. This suggest that during the active growth 

of seedlings, proline may contribute to the osmoregulation more than the other osmolytes.  

Studies comparing inorganic N forms have reported either a significant effect (Rothstein 

and Cregg 2005, Nicodemus et al. 2008, Bown et al. 2010, Uscola, Oliet, et al. 2014) or no 

effect (Warren and Adams 2002) of N form on photosynthetic performance. In this study, gas 

exchange (A and gs) dynamics and membrane stability (EL) with decrease of Ψpd were not 

influenced by N form, reflecting that, in absence of acclimation, the chemical form of N plays 

little role in plant physiological responses to dehydration in this species.  

Drought-induced morpho-physiological and biochemical responses along acclimation 

Drought led to significant suppression of plant growth after a 60-day acclimation period. 

Particularly, root mass gain was hindered as the drought level increased, but also differences 

in shoot mass were observed due senescence of one-year-old needles. Drought-induced foliage 

shedding is a strategy to reduce transpiration by older needles (Munné-Bosch and Alegre 

2004). Along with foliage shedding, stomatal closure plays an essential role in water 
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conservation and the reduction of hydraulic failure risk, but in turn suppresses the 

photosynthetic activity (Lawlor and Cornic 2002, McDowell et al. 2008, Chen et al. 2010). In 

this study, drought-stressed seedlings had constrained photosynthetic rates, mainly at a severe 

level. Thus, limitation to root growth could be induced mostly by a reduction in C assimilation 

and allocation to roots (van den Driessche 1987, Villar-Salvador et al. 2015). Yet, the rapid 

desiccation of the growing medium could also hamper fine roots expansion (Sword Sayer et al. 

2005). Interestingly, seedlings grown with organic N increased their coarse root biomass more 

than those with inorganic N forms (Fig. 3.2). Other authors also have found a positive effect 

on root growth with organic N fertilization (Cambui et al. 2011, Gruffman et al. 2012, Franklin 

et al. 2017); though, we do not found this positive effect until seedlings were drought-

acclimated. 

Nutrient dynamics along the acclimation period were affected by drought intensity and N 

form. One-year-old needles decreased N, P, and K content along with drought severity, which 

can be partly explained by senescence (Figs. 3.2A and 3.3). Interestingly, this trend was 

influenced by N form, showing that seedlings fertilized with organic N retained more P and K 

contents in one-year-old needles, which corresponded to low needle shedding (Fig. 3.3D, F). 

Conversely, current-year needles showed a significant drop in N, P, and K content only in well-

watered seedlings, suggesting net remobilization to support mostly new root growth, as needle 

growth was not detected. 

Despite the similarity of content dynamics among nutrients, concentration trends in both 

needle types differed by nutrient. Nitrogen concentration experienced a clear drop after 

acclimation, suggesting, along with N content reduction, a loss of this nutrient in one-year-old 

needles by net remobilization and leaf senescence. Conversely, P and K concentration in one-

year-old needles remained or even increased relative to pre-drought status, especially under 

severe stress. This effect, along with the content drop, suggests that needle abscission drive P 

and K losses rather than resorption. Drought negatively affects resorption efficiency but also, 

due to reduced growth, decreases the sink strength for nutrient remobilization to newer tissues 

(Miyazawa et al. 2004, Marchin et al. 2010). This difference in the dynamics of senescence 

between N and the other macronutrients (P and K) can be explained by different mobility within 

the plant (Maillard et al. 2015). Firstly, remobilization is a common process for N due to its 

higher mobility. Secondly, P and K, with lower mobility, require a resource-consuming 

synthesis of specific transporters, and its resorption is only linked to sink effects due to nutrient 
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deficiency in the other plant organs. Therefore, delaying needle abscission could be 

advantageous for retaining those nutrients (Yuan et al. 2017). In our study, seedlings fertilized 

with organic N tended to show less shedding of older needles and consequently improved 

retention of P and K content. 

Drought stress could induce reduction in chlorophyll content as a consequence of damage 

in the chloroplast membrane structure (Munné-Bosch and Alegre 2004, Fang and Xiong 2015). 

Under such conditions, plants are known to increase carotenoids to protect the photosynthetic 

apparatus (Demmig-Adams and Adams 1996). Our results showed that photosynthetic 

pigments remained unchanged across drought levels. However, we observed the highest 

carotenoids to chlorophylls ratio in seedlings under severe stress. This indicates that P. 

ponderosa seedlings not only avoided drought-induced chlorophyll degradation, but also raised 

the proportion of carotenoids, likely as a protection mechanism in needles. Seedlings supplied 

with either NH4
+- or N-org kept the highest values of photosynthetic pigments until the end of 

the drought period. This pattern mimics that of N concentration in current-year needles, 

suggesting that differences in chlorophyll concentrations are driven by N. These results show 

that NH4
+- and N-org sources enhance drought resistance at the chloroplast level compared to 

NO3
-. 

Seedlings subjected to either moderate or severe stress maintained the soluble sugars level 

in current-year needles or even increased it in one-year-old needles, whereas non-stressed 

seedlings decreased their concentration, mainly in current-year needles. Increasing soluble 

sugars concentration in drought-stressed plants could be explained by growth cessation while 

maintaining net positive photosynthesis (Muller et al. 2011). However, a significant reduction 

of photosynthesis for an extended period can trigger non-structural carbohydrate decline and 

eventually plant death by C starvation (McDowell 2011). In our study, growth was reduced by 

drought, avoiding dilution effects, and enabling the accumulation of soluble sugars. Even 

though photosynthetic rates at severe stress were close to zero, the drought period was not long 

enough to diminish soluble sugars. Nitrogen form significantly influenced changes of soluble 

sugars concentration only in one-year-old needles, with N-org fed seedlings having the highest 

soluble sugars increment. 

Under stress conditions, accumulation of proline in many plant species has been correlated 

with stress tolerance, and its concentration usually is higher in stress-tolerant than in stress-

sensitive plants (Anjum et al. 2011). In this study, drought severity induced accumulation of 
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proline in P. ponderosa. Interestingly, N-org fertilized seedlings reached high levels of proline 

along drought acclimation despite their lowest concentration at pre-drought condition, which 

indicates an improved physiological acclimation to drought. Along with the increment in 

soluble sugars concentration, the proline accumulation in N-org fed seedlings suggests the 

highest resource availability for osmotic adjustment, probably due to lower energetic cost of 

amino acid metabolization and extra C input (Franklin et al. 2017).  

Finally, as expected, the WUEi increased with water stress and throughout the drought-

acclimation period (Fig. 3.4). Increasing WUEi under drought conditions is an important 

functional trait to optimize C assimilation of many woody species, including P. ponderosa 

(Medrano et al. 2009, Kerr et al. 2015, Augustine and Reinhardt 2019). Additionally, we found 

that seedlings fertilized with N-org increased the WUEi earlier than those grown with inorganic 

sources, which could be advantageous in drought events of short duration. 

Conclusions 

Our findings show that P. ponderosa seedlings can efficiently use amino acids as the primary 

N source with effects on nutritional status and drought resistance. In addition, the results of this 

study improve the understanding of mechanisms involved in drought tolerance and acclimation 

of P. ponderosa seedlings. We found that osmoregulation in the active growth stage relies 

predominantly on accumulation of proline rather than other osmolytes, such as soluble sugars 

or K. Nitrogen form influenced drought resistance in seedlings, but mostly through drought-

acclimation mechanisms rather than intrinsic drought tolerance as N form only triggered 

marginal osmoregulatory effects that were insufficient to provoke a significant effect on 

dehydration tolerance. After drought acclimation, both NH4
+- and N-org fertilized seedlings 

retained more nutrients and improved the concentration of photosynthetic pigments. N-org-fed 

seedlings, along with better nutrient retention by minimizing senescence of one-year-old 

needles, maximized proline production and increased the WUEi earlier, compared to seedlings 

fertilized with inorganic sources. This suggests an improved drought acclimation of P. 

ponderosa seedlings supplied with organic N. Future research of N form effects on stress 

resistance in plants should address the basis of differences in physiological mechanisms found 

in this study. 
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Supplementary data 

 

 

Table S3.1. Water relations parameters: osmotic potential at saturation (Ψπsat); osmotic potential at 

turgor loss point (Ψπtlp); modulus of elasticity (ε) and symplasm volume fraction (Vs/Vt), at the 

end of the fertilization period (T1) of one-year-old Pinus ponderosa seedlings grown under 

different N form at 9 mM N for ten weeks: nitrate (NO3
-), ammonium (NH4

+), and organic N 

(N-org).  

 Nitrogen form  ANOVA results  

 NO3
- NH4

+ N-org  F2,20 Pr(>F) 

Ψπsat (MPa) -1.59±0.07 -1.78±0.05 -1.68±0.04  2.88 0.0798 

Ψπtlp (MPa) -2.28±0.08 -2.46±0.06 -2.32±0.06  1.73 0.2029 

ε (MPa) 11.14±0.58 11.57±0.49 10.95±0.69  0.26 0.7696 

Vs/Vt 0.29±0.04 0.20±0.04 0.18±0.04  2.17 0.1398 

Data are means ± SE (n=8). 
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Table S3.2. Biomass components and needle concentration of nutrients (N, P, K), soluble sugars, photosynthetic pigments, and proline of one-year-old Pinus 

ponderosa seedlings fertilized with different N form for ten weeks and subjected to three levels of drought for 60 days. 

 Drought level  Nitrogen form  ANOVA Pr(>F) values 

 No-drought Moderate Severe  NO3
- NH4

+ N-org  Drought N form D × N 

Biomass (g)            

Current year needles 3.11±0.22 3.55±0.17 3.50±0.16  3.51±0.15 3.50±0.23 3.16±0.18  0.2037 0.3245 0.6173 

One-year-old needles 1.63±0.15a 1.21±0.15ab 1.00±0.11a  1.24±0.17 1.30±0.10 1.30±0.12  0.0025 0.9137 0.4393 

Stem 2.80±0.24 2.79±0.15 2.23±0.16  2.53±0.16 2.78±0.18 2.51±0.23  0.0551 0.5585 0.7128 

Coarse roots 2.09±0.14a 1.59±0.07b 1.25±0.06c  1.62±0.09 1.73±0.11 1.59±0.13  <0.0001 0.5813 0.3661 

Fine roots 3.87±0.15a 2.96±0.11b 2.09±0.14c  3.46±0.13 3.53±0.14 3.25±0.16  <0.0001 0.2985 0.7688 

N (mg g-1 DW)            

One-year-old needle 9.3±0.31 10.2±0.42 9.7±0.61  9.1±0.48 9.9±0.50 10.1±0.39  0.3349 0.3542 0.0963 

Current-year needle 16.3±0.49 17.4±0.34 16.8±0.45  15.2±0.36b 18.0±0.29a 17.4±0.33a  0.0939 <0.0001 0.5259 

P (mg g-1 DW)            

One-year-old needle 1.65±0.08b 2.00±0.06a 2.17±0.08a  1.81±0.09b 1.91±0.08ab 2.07±0.09a  <0.0001 0.0489 0.3940 

Current-year needle 1.82±0.08c 2.18±0.08b 2.53±0.07a  1.96±0.10b 2.30±0.11a 2.28±0.08a  <0.0001 0.0022 0.7588 

K (mg g-1 DW)            

One-year-old needle 6.33±0.15c 7.23±0.23b 7.89±0.23a  7.27±0.22 7.00±0.22 7.15±0.28  <0.0001 0.5373 0.7590 

Current-year needle 9.00±0.17c 9.77±0.17b 11.0±0.28a  9.63±0.28 10.1±0.35 10.0±0.23  <0.0001 0.2239 0.7863 

Soluble sugars (mg g-1 DW)           

One-year-old needle 50.2±3.08b 62.0±3.91a 57.0±3.47ab  60.8±3.68 53.5±3.68 55.3±3.56  0.0460 0.3005 0.1245 

Current-year needle 58.9±2.37b 63.1±2.25b 71.5±2.71a  66.5±2.17 62.4±3.16 64.3±2.67  0.0021 0.4548 0.0876 

Photosynthetic pigments (mg g-1 FW)†           

Chlorophylls (a + b) 1.32±0.06 1.39±0.05 1.29±0.05  1.16±0.05b 1.49±0.05a 1.35±0.05a  0.3194 <0.0001 0.5060 

Carotenoids (x + c) 0.24±0.01 0.24±0.01 0.25±0.01  0.21±0.01b 0.27±0.01a 0.25±0.01a  0.7953 <0.0001 0.6676 

Car(x+c):Chl(a+b) 0.182±0.003b 0.177±0.002b 0.193±0.003a  0.186±0.003 0.181±0.003 0.184±0.003  0.0002 0.3492 0.5565 

Proline (µmol g-1 FW)† 1.33±0.06b 1.32±0.08b 1.74±0.10a  1.40±0.09 1.50±0.06 1.44±0.09  0.0009 0.8710 0.3866 

Data are means ± SE (n=36). Means with the same letter in the same row are not statistically different (Tukey HSD test, α=0.05). †Determined in current-year needles. 
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Figure S3.1. Organ mass (mean ± SE, n= 10) at the end of the fertilization period (T1) of 1.5-year-old 

containerized Pinus ponderosa seedlings grown under conventional practices and, during the 

second year, fertilized with different N form at 9 mM N for ten weeks: non-fertilized (NF), 

nitrate (NO3
-), ammonium (NH4

+), and organic N (N-org). Within a fraction, different lower-

case letters indicate statistical differences among treatments (Tukey HSD test, α=0.05). Capital 

letters indicate significant differences in plant mass. 
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Figure S3.2. Dynamics of net photosynthesis rate (A) (A), stomatal conductance (gs) (B), and electrolyte 

leakage (C) with reduction of predawn water potential (Ψpd) in a progressive desiccation setting 

during two weeks of one-year-old Pinus ponderosa seedlings fertilized with different N forms: 

nitrate (NO3
-, white circles), ammonium (NH4

+, grey squares), and organic N (N-org, black 

diamonds). The black line represents the reduced model fitted to a four-parameter logistic 

function. AIC values of full models (considering treatments) are 428.2, -425.2, and 628.2 for 

A, gs, and EL, respectively, while values in graphic are from reduced models. 

 



 

 

 

Chapter 4 

 

Nitrogen forms effects on seedling morphology and 

drought tolerance of two pine species from northern 

Mexico 

 

 

 

This chapter reproduces the text of the following manuscript: 

Sigala J.A., Oliet J.A., Uscola M., Arellano E. 2020. Nitrogen form effects on seedling 

morphology and drought tolerance of two pine species from northern Mexico (In preparation) 

NOTE: Although it was originally planned that nutritional analysis of the samples of this chapter would be conducted, due to the COVID-19 

pandemic results were not obtained before completion of the PhD dissertation. However, the nutritional results will be included later in the 

final manuscript, pending availability.





Chapter 4: Organic N and drought tolerance 

115 

Abstract 

Increasing evidence suggests that nitrogen (N) nutrition plays an essential role in plant 

physiological mechanisms to cope with drought stress. Nevertheless, to what extent the 

availability of different N sources, and especially, the organic N compounds, affect drought 

resistance in conifers is poorly understood. We examined the effects of the N form in growth 

and physiological traits linked with drought tolerance and acclimation in seedlings of two pine 

species from northern Mexico: Pinus engelmannii and P. greggii. Seedlings were grown under 

four fertilization treatments differing in the N form: nitrate (NO3
-), ammonium (NH4

+), organic 

N (amino acid-based fertilizer) and equimolar mixture of the tree N forms. Then, drought 

resistance of seedlings was assessed in two contexts: symplastic-related responses to a high-

intensity short drought and shifts in physiological mechanisms for acclimation during a 90-day 

moderate drought period. Our results confirmed that seedlings of both species can efficiently 

grow with amino acid, either as sole N source or combined with the inorganic N forms. Indeed, 

in P. greggii, organic N induced higher shoot growth than NO3
- and greater biomass allocation 

to roots than NH4
+. Organic-N fed seedlings showed somewhat earlier loss of turgor and 

photosynthesis in high-intensity drought conditions than those grown with inorganic N forms. 

Yet, they tended to have lower risk of leaf hydraulic dysfunction. The N form also influenced 

the acclimation mechanisms to drought, but only in P. greggii. In this species, organic N 

fertilization led to a higher proline accumulation, enhanced instantaneous leaf WUE, and 

increased biomass allocation to roots. The findings in this study provide valuable information 

about the best N nutrition treatments to optimize cultural practices and increase our 

understanding of the role of N nutrition in plant strategies to cope with drought stress under 

climate change scenarios. 

Keywords: amino acids, ammonium, biomass partitioning, nitrate, physiological acclimation, 

turgor loss point.  
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Resumen 

La nutrición nitrogenada juega un papel preponderante en los mecanismos fisiológicos de las 

plantas para hacer frente al estrés por sequía. No obstante, se sabe muy poco de cómo la 

disponibilidad en el suelo de las distintas formas de N, particularmente el N orgánico, afectan 

la resistencia a la sequía en coníferas. Se examinaron los efectos de las formas de N en el 

crecimiento y atributos fisiológicos relacionados con la tolerancia y aclimatación a sequía en 

dos especies de pino nativas del norte de México, Pinus engelmannii y P. greggii. Las plantas 

se cultivaron bajo cuatro tratamientos de fertilización basados en la forma de N: nitrato (NO3
-

), amonio (NH4
+), N orgánico (aminoácidos), y una mezcla equimolar de las tres formas de N. 

Se evaluó la resistencia a la sequía en dos contextos: respuestas a nivel simplástico a una sequía 

corta y severa; y cambios en mecanismos fisiológicos de aclimatación durante un periodo de 

sequía moderada de 90 días. Se confirmó que ambas especies pudieron cultivarse 

eficientemente con aminoácidos, tanto como fuente única de N como combinados con las 

fuentes inorgánicas de N. De hecho, en P. greggii, el N orgánico indujo un mayor crecimiento 

del tallo que el NO3
- y una mayor biomasa radical que el NH4

+. En condiciones de sequía 

severa, las plantas cultivadas con N orgánico tuvieron una pérdida de turgencia y de fotosíntesis 

moderadamente más temprana que aquellas cultivadas con N inorgánico, pero mostraron un 

menor riesgo de disfunción hidráulica en hojas. La forma de N influyó en los mecanismos de 

aclimatación a sequía de las plantas, pero sólo en P. greggii. En esta especie, la fertilización 

con N orgánico condujo a una mayor acumulación de prolina, aumentó la eficiencia instantánea 

del uso del agua e incrementó la asignación de biomasa a raíces. Estos hallazgos brindan valiosa 

información sobre las mejores prácticas de nutrición nitrogenada en vivero y amplían la 

comprensión del papel del N en las estrategias de las plantas para hacer frente al estrés por 

sequía ante escenarios de cambio climático. 

Palabras clave: aclimatación fisiológica, aminoácidos, amonio, distribución de biomasa, 

nitrato, punto de pérdida de turgencia. 
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Introduction 

Drought is one of the main factors affecting primary productivity and tree mortality in several 

forest ecosystems. Climate projections indicate that land surface warming will lead to 

increasingly severe and more extended droughts (IPCC 2014). Notably, the ongoing 

anthropogenic warming is expected to drive an increased atmospheric vapor pressure deficit 

(VPD) (Williams et al. 2020), which likely will exacerbate plant physiological stress during 

drought events (McDowell et al. 2008). These climate anomalies can significantly impact 

semiarid forests or forest-shrublands ecotones, where tree species often thrive at the limit of 

their drought-tolerance thresholds (Will et al. 2013, Dannenberg et al. 2019). In these regions, 

the effects of water deficit are especially acute in juvenile trees, with negative consequences in 

forest recruitment and regeneration (Will et al. 2013, Petrie et al. 2016). But also, drought stress 

may be the most limiting factor in seedlings when reforestation is implemented. Thus, 

producing plant phenotypes with high drought resistance has become a key aspiration for forest 

nursery managers. In this regard, nitrogen (N) nutrition has been considered an essential tool 

to improve seedling quality and stress resistance (Oliet et al. 2013). 

Nitrogen nutrition plays a vital role in plant physiological mechanisms to cope with 

drought stress (Gessler et al. 2017). For instance, high-N availability has a positive effect on 

mass partitioning to aboveground tissues and vessel conduit diameter, which enhances 

hydraulic conductivity (Harvey and van den Driessche 1997, Goldstein et al. 2013, Toca et al. 

2020). However, in some species, these changes can increase the risk of hydraulic dysfunction 

under severe water deficit (Zhang et al. 2018, 2019). On the contrary, low-N supply induces 

low shoot growth and increased root-to-shoot ratio (Ågren and Franklin 2003, Pilbeam 2011), 

leading to plant phenotypes with higher drought resistance in the short-term. Yet, their lower 

N reserves might trigger low root growth in subsequent years resulting in a mid or long-term 

survival cost (Cuesta et al. 2010, Villar-Salvador et al. 2015). Thus, reduced N nutrition can 

intensify the adverse effects of prolonged droughts on plant carbon (C) balance (Gessler et al. 

2017). 

Traditionally, inorganic N forms (nitrate, NO3
-, and ammonium, NH4

+) have been studied 

as primary sources for plant N nutrition. However, more recently, uptake of a wide range of 

organic N forms (e.g., proteins, peptides, and amino acids) by plants has been extensively 

recognized in the literature (Jones et al. 2005, Paungfoo-Lonhienne et al. 2008, 2010, Näsholm 

et al. 2009). It is well known that organic N constitutes a primary soluble N pool in most forest 
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soils (Jones et al. 2005, Delgado-Baquerizo et al. 2011, Warren 2014), and it represents the 

main substrate to produce inorganic N ions through mineralization (Vasquez et al. 2008, 

Moreau et al. 2019). Therefore, using organic N uptake, N mineralization and assimilation are 

bypassed by plants, allowing direct utilization or organic N (Boczulak et al. 2014). This may 

represent an energy-saving for plants compared with the uptake of inorganic N, either as NO3
- 

or NH4
+, which requires more energy for metabolism and acquisition that it is supplied mostly 

from current photosynthates (Pilbeam 2011, Gruffman et al. 2013). Nevertheless, not all 

organic N compounds are efficiently utilized by plants (Näsholm et al. 2009), and their kinetic 

uptake parameters would vary among plant species (Lipson and Näsholm 2001). Further, the 

bioavailability of organic N forms for plant uptake depends on complex soil processes 

regulating the N transformation (i.e., depolymerization, mineralization, immobilization) 

(Warren 2014, Moreau et al. 2019). Thus, more studies are needed to elucidate the 

physiological basis for plants uptake and utilization of organic N and an improved 

understanding of N transformation processes affecting its effectiveness when supplied 

exogenously. 

Studies in conifers have shown that the chemical form of N also alters biomass partitioning 

and other functional attributes. For instance, in Pseudotsuga menziesii (Gebauer and Bassirirad 

2011) and in Pinus taeda (Faustino et al. 2015), NH4
+ fertilization increased the root hydraulic 

conductivity compared with NO3
- fertilization. On the contrary, other conifer species enhanced 

their growth, N nutrition, and photosynthetic performance with an increased NO3
- availability 

in the growing medium (Rothstein and Cregg 2005, Bown et al. 2010). On the other hand, 

investigations have shown that organic N forms induce similar growth and N status as inorganic 

N forms in conifer seedlings (Öhlund and Näsholm 2001, 2002), but also suggested a positive 

effect on their root growth (Cambui et al. 2011, Gruffman et al. 2012, Franklin et al. 2017). 

More recently, we found that one-year-old Pinus ponderosa seedlings supplied with organic N 

improved nutrient retention in the oldest needles and increased their intrinsic water use 

efficiency (WUEi) rapidly when exposed to water stress (Sigala et al. 2020). Hence, it may be 

feasible to induce seedling drought resistance of a given species by managing the N forms in 

nursery fertilization programs. Nevertheless, whether the N forms, especially the organic N, 

affect physiological mechanisms in conifers linked with drought tolerance and acclimation, is 

still poorly understood. 
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During drought, plant mortality occurs mainly due to hydraulic and symplastic failure, C 

starvation, and (or) increased vulnerability to biotic agents (McDowell et al. 2008). The plant 

strategies to survive drought stress include several physiological adjustments at different 

timescales. For instance, as plants desiccate, the loss of cell turgor leads to stomatal closure as 

a primary mechanism to slowing plant dehydration (Martin-StPaul et al. 2017, Choat et al. 

2018). Under high-intensity droughts, an early stomatal closure could diminish the risk of 

hydraulic failure at the expense of the rapid impairment of CO2 assimilation (McDowell et al. 

2008). Thus, stomata closure and the loss of stomatal conductance often occur before xylem or 

leaf cell damage (Bartlett et al. 2016). As plant desiccation continues, irreversible xylem 

conductance failure will then appears and, ultimately, the complete loss of leaf functionality 

and plant dead (Bartlett et al. 2016, Trueba et al. 2019). Under less extreme but prolonged 

droughts, low CO2 assimilation can lead to depletion of non-structural carbohydrate pools (i.e., 

C starvation) (McDowell et al. 2008, Hartmann et al. 2013). Under these conditions, plants can 

display several mechanisms to acclimate to long-term dry conditions, such as modifications in 

the photosynthetic machinery, osmotic adjustments, and changes in C allocation patterns 

(Chaves et al. 2008, Aaltonen et al. 2017). Nevertheless, whether plants can acclimate or adapt 

their survival mechanisms as quickly as the rate of increase in drought severity or length at the 

expected climate scenarios is still an outstanding question (McDowell 2011). Hence, 

understanding plant responses under different drought severity and duration settings could 

predict the survival probabilities of distinct tree species with future climate variation. 

In this study, we examined the effects of the N form in growth and biomass partitioning in 

nursery seedlings of two pine species from northern Mexico: Pinus engelmannii Carr, one of 

the most representative conifers in the Sierra Madre Occidental (northwestern Mexico), and P. 

greggii Engelm. ex Parl. var. greggii, endemic to northeast Mexico (Coahuila and Nuevo 

León). Both species are commonly used in reforestation and forest plantations programs. 

Nevertheless, seedling establishment and growth are often constrained by longer and frequent 

drought spells (CONAFOR 2014, Burney et al. 2015). Likewise, pronounced mid-summer 

droughts occasionally occur just after planting, concurring in time with periods when seedlings 

have the lowest resistance to drought. Given this, after fertilization during the growing period, 

we evaluated whether the N form produced changes in physiological mechanisms related to 

drought tolerance and acclimation. First, we studied symplastic-related responses to a high-

intensity drought, such as loss of turgor, photosynthetic rates, PSII efficiency, and cell 

membrane stability. Secondly, we investigate plant abilities for acclimating to a prolonged 
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drought scenario through changes in photosynthetic capacity, photosynthetic pigment 

composition, proline accumulation, and biomass allocation. This experiment includes the 

organic N forms (amino acid-based fertilizer) as an alternative or complement to inorganic N 

fertilization. Based on previous investigations, we hypothesized that seedlings supplied with 

organic N would have similar drought-tolerance levels as those with inorganic N forms but an 

improved acclimation when exposed to prolonged drought conditions. 

Material and Methods 

Plant material and fertilization treatments 

Seeds of Pinus engelmannii Carr. from west-central Durango state (northwest Mexico) and 

Pinus greggii Engelm. ex Parl var. greggii from southern Nuevo Leon state (northeast Mexico) 

were sown on 10 October 2017 on plastic trays with 50 cavities of 200 cm3 (Forest Pot 200®, 

Plasnor, Legazpi, Spain), filled with a substrate mixed with v:v 75% unfertilized peat (Kekkilä 

Oy, Vantaa, Finland) and 25% vermiculite (Projar SA, Valencia, Spain). Seedling cultivation 

was carried out in the forest nursery facilities of Forestry School at the Technical University of 

Madrid, Spain (40°27’N; 3°43’W, 664 m.a.s.l.). In total, 800 seedlings were grown for each 

species (16 trays).  

After seedling emergence, we made four groups of 200 seedlings from each species. Each 

group was fertilized with a distinct nutrient solution differing only in the N form: (i) nitrate 

(NO3
-), (ii) ammonium (NH4

+), (iii) amino acids (hereafter N-org), and (iv) equimolar mixture 

of the tree N forms (hereafter N-mix). Nitrate was applied as Ca(NO3)2*4H2O and KNO3, NH4
+ 

as (NH4)2SO4 and NH4Cl, and N-org was supplied from a commercial amino acid mixture 

(Diamond Grow® 14-0-0, Humic Growth Solutions, Jacksonville, USA) (Table S4.1). For the 

N-mix treatment, we used NH4NO3 to supply the inorganic N forms and the same commercial 

amino acid mixture abovementioned. Fertilizer application lasted 30 weeks for P. engelmannii 

and 27 weeks for P. greggii since seedling emergence of the later was delayed. In both cases, 

the fertilization treatments ended on 25 July 2018.  

Fertilization was applied twice a week adding ~40 ml seedling-1 of the nutrient solution. 

A cumulative total of 150 mg N seedling-1 was applied: 80% was supplied at concentrations 

that increased every two weeks based on an exponential fertilization function, ranging from 0.5 

to 10.7 mM N, and the remaining 20% was distributed in the last six weeks at a constant 
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concentration of 4.5 mM N. All nutrient solutions were prepared with tap water and equally 

completed with P, K, Ca, Mg, and S at ratios of 0.3, 0.8, 1.2, 0.4, and 0.5 with respect to 1.0 

N. Additionally, nutrient solutions were complemented with micronutrients (Nutromix, 

Bioagro, Navarra, Spain; 0.7% B, 0.6% Zn, 0.3% Cu, 7.5% Fe, 3.3% Mn, and 0.2% Mo) at 2.5 

mg L-1. Electrical conductivity and pH of the nutrient solutions were monitored every time that 

N rate was changed (Fig. S4.1). Seedlings were watered to saturation with tap water once a 

week between fertilization events to prevent salt accumulation in the substrate. Trays were 

placed randomly on a bench and were re-arranged in each fertilization event to avoid edge 

effects. Seedlings were kept under a greenhouse cover (mean temperature of 19.1 °C) until 17 

May 2018, then moved outdoors and grown until 25 July 2018 (daily mean temperature of 

21.3°C). 

Shoot growth analysis and morphology assessment 

Once fertilization started, six seedlings per tray (24 seedlings per fertilization treatment) were 

randomly selected and tagged to assess their shoot development periodically. From early-April 

to late-July, seedling diameter at 1 cm below cotyledon insertion point and height to the tip of 

the shoot were measured every two weeks. Then, stem volume was computed as 

SV=(1/3)π(1/4)(diameter)2 × height. Stem volume was used for subsequent analyses instead of 

diameter and height alone, since it provides a better indicator of shoot development (Oliet et 

al. 2004).  

Five destructive samplings were also carried out to assess seedling mass yield through the 

fertilization period: one destructive sampling each four weeks since the beginning of the 

fertilization. Harvestings were carried out 24 h after the nutrient solution supply. Eight 

seedlings per treatment (two seedlings per tray) were lifted on each sampling date, except in 

the last destructive sampling, at the end of the fertilization, when we harvested 16 seedlings 

per treatment (four seedlings per tray). Additionally, in the last harvesting, fresh needles from 

an additional eight seedlings per treatment were harvest and frozen at –20 °C for the 

determination of photosynthetic pigments and proline concentrations. At each harvesting date, 

the substrate was removed from root plugs and immediately stored in a freezer (–20 °C) for a 

supplementary analysis of the concentration of the remaining N forms in the growing medium. 

Then, roots were washed under running tap water and rinsed twice in distilled water. Seedlings 

were divided into shoots and roots, dried at 65 °C for 48 h, and weighed. In the last sampling, 

needles and stems were weighted separately. The needles, stem, and root mass fraction (NMF, 
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SMF, and RMF, respectively) were then calculated by dividing the component mass by plant 

mass. 

Analysis of N forms in the growing medium 

Nitrogen forms availability was evaluated in the substrate samples in two ways: i) K2SO4
- 

extractable N forms, and ii) N transformation rates, because those processes are responsible for 

the replenishment of available N forms within soils (Schimel and Bennett 2004). Amino acid-

N, NH4
+-N and NO3

--N concentration was analyzed in substrate subsamples before incubation, 

as surrogate of N form availability, and after incubation. For the incubation, substrate 

subsamples of 35-40 g DW were re-wetted to 80% water holding capacity and incubated in the 

laboratory for 14 days at 25°C (Allen et al. 1986). Pre and post incubation subsamples were 

extracted in 0.5 M K2SO4 in a ratio1:3 (v/v) substrate: extractant. Ammonium-N concentration 

in substrate extracts was determined colorimetrically by the salicylate method using (NH4)2SO4 

as standard (Baethgen and Alley 1989). Nitrate-N concentration was determined 

colorimetrically by nitration of salicylic acid with KNO3 as standard (Cataldo et al. 1975). 

Finally, the concentration N from amino acids was also assessed by colorimetry using the 

ninhydrin method with glycine as standard (Moore and Stein 1954). Before amino acid 

determination, NH4
+ was removed from extract samples by adding MgO and leaving them 

overnight, since NH4
+ reacts with ninhydrin leading to inaccurate results (Warren and Adams 

2007). Potential net depolymerization, ammonification and nitrification rates were estimated 

as the difference between initial and final amino acids-N, NH4
+-N and NO3

--N concentrations 

in a daily basis, respectively, and the sum of these rates was defined as the N transformation 

rate. 

Shoot water relations and gas exchange and cell membrane stability during the desiccation 

trial 

A week after the last fertilization event, shoot water relations of seven seedlings per treatment 

were determined by pressure-volume (P-V) curves following the free-transpiration method 

described in Koide et al. (1989). Seedlings were watered to saturation and kept in dark 

conditions until the next morning for shoot sampling. Shoots were excised from roots and 

placed on a laboratory bench for progressive desiccation. The shoot water potential (Ψshoot) and 

mass were measured at given intervals with a Scholander-type pressure chamber (PMS 

Instruments, Corvallis, OR) until reaching Ψshoot about –3 MPa. From each P-V curve, we 
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calculated the following parameters: osmotic potential at the turgor loss point (Ψπtlp), the 

osmotic potential at saturation (Ψπsat), the modulus of elasticity (ε) and the symplasm volume 

fraction (Vs/Vt). 

At the end of the fertilization, 24 seedlings per treatment (six seedlings per tray) were used 

to assess the performance of gas exchange of the seedlings with decreasing of predawn water 

potential (Ψpd, MPa). Seedlings were watered to saturation and left to dry out for two weeks 

under greenhouse conditions (30.2°C day/23.8°C night, air humidity of 58.6%, natural 

photoperiod) for 10 days. Every two days, four randomly selected seedlings per treatment were 

used to measure Ψpd in full developed needles of the terminal shoot. Then, in the same 

seedlings, net photosynthesis rate (A, μmol CO2 m
−2 s−1), transpiration rate (E, mol H2O m−2 

s−1) and stomatal conductance (gs, mol H2O m−2 s−1) were measured in fully mature needles of 

the terminal shoot with a Portable Photosynthesis System (LCi, ADC BioScientific Ltd. 

Hoddesdon, UK) at ambient CO2 concentration (~400 ppm), 1400 μmol m−2 s−1 PPFD, and 25 

°C chamber temperature. 

Additionally, one week after last fertilizer application, a set of six randomly selected 

seedlings per treatment (1-2 seedlings per tray) was used to assess the drop of the maximum 

photochemical efficiency of PSII (Fv/Fm) and cell membrane stability with ongoing 

dehydration. Seedlings were watered to saturation and left to dry out for two weeks under 

greenhouse conditions (28.9°C day/21.9°C night, air humidity of 58.6%, natural photoperiod) 

for 12 days. The Ψpd was measured in fully mature needles of the terminal shoot every four 

days. Along with Ψpd measurements, Fv/Fm was measured in needles at the upper third of the 

shoot with a portable pulse modulated chlorophyll fluorometer (FMS2, Hansatech Instruments 

ltd, Norfolk, UK). Then, two needles were excised from the same group of needles where Fv/Fm 

was measured to assess cell membrane stability through electrolyte leakage. Needles were cut 

in small pieces and placed in vials with 10 ml of deionized water. Electrical conductivity (EC) 

of the water was measured with a conductivity meter (MM 41, Crison Instruments S.A., 

Barcelona, Spain) after 24 h (ECi). Then samples were incubated in a boiling water bath at 100 

ºC for 40 min, and EC was measured again after cooled at room temperature for 1 h (ECf). The 

electrolyte leakage (EL, %) was computed as (ECi/ECf)*100. 
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Induced-drought acclimation assay 

Two weeks after fertilization treatments finished, 36 seedlings per species and fertilization 

treatment (288 total) were randomly selected and transplanted into plastic trays with 12 cavities 

of 650 cm3 each (QuickPot 12 T/18, HerkuPlast-Kubern GmbH, Ering am Inn, Germany) filled 

with the same substrate mixture used for sowing. Each tray was completed with three seedlings 

per fertilization treatment of the same species. At transplanting time, stem volume was 

estimated as described above to have an indicator of the initial seedling size. Eight trays per 

species (24 seedlings per treatment) were assigned to a drought-stress treatment 

(Ψpd=−1.02±0.06 MPa), maintaining the container weight to 40-45% with respect to saturation. 

Additionally, four trays per species (12 seedlings per treatment) were maintained well-watered 

as a control (Ψpd=−0.39±0.03 MPa). Trays were maintained under greenhouse conditions for 

90 days until October 31, 2018 (29.3°C/22.5°C, relative humidity of 54.5/66.1% day/night, 

VDP of 1.42 kPa, and natural photoperiod). The target weight of trays was monitored every 

three days, and it was corrected by dispensing the amount of lost water among all plants in the 

tray equally. Added water to each seedling in each event was recorded. All trays were 

rearranged randomly at each watering event.  

Every three weeks, we measured leaf Ψpd and gas exchange parameters (A and gs) on three 

randomly selected seedlings per treatment (N form × drought). At the end of the drought period 

(90 days), 12 seedlings per fertilization treatment and drought level were harvested. Roots were 

washed under tap water and rinsed twice in distilled water. Then, shoot height, diameter, and 

biomass partitioning were assessed as described above. A fresh needle subsample of about 0.5 

g from each harvested seedling was frozen at –20 °C for photosynthetic pigments and proline 

determination. Root and shoot mass increments were calculated as the difference of mass at 

pre- and post-acclimation. Values of plant mass at pre-acclimation were estimated by 

calibrating allometric models of dry mass against seedling size variables (depending on the 

accuracy of the fitted model either diameter or stem volume), using the whole data from mass 

samplings at the end of the fertilization. For P. engelmannii, pre-acclimation biomass was 

estimated using the diameter (D) to predict both root (𝑀𝑟 = 0.05𝐷1.62; R2=0.91) and total dry 

mass (𝑀𝑡 = 0.15𝐷1.74; R2=0.89), whilst shoot dry mass was computed as the difference 

between total and root calculated masses (𝑀𝑠 = 𝑀𝑡 −𝑀𝑟). Pre-acclimation biomass of P. 

greggii seedlings was determined using the stem volume (V) as predictor. In this case, we first 
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estimated shoot (𝑀𝑠 = 2.21𝑉0.69; R2=0.97) and total dry mass (𝑀𝑡 = 2.71𝑉0.67; R2=0.97), and 

then root dry mass as the difference (𝑀𝑟 = 𝑀𝑡 −𝑀𝑠). 

Determination of photosynthetic pigments and proline 

Photosynthetic pigments were determined as chlorophyll a (Chla), chlorophyll b (Chlb) and 

total carotenoids and xanthophylls (Cx+a) according to Barnes et al. (1992) and calculated 

according to equations in Wellburn (1994). Proline concentration was determined in 250-300 

mg of fresh needles by the ninhydrin-acetic acid method using proline as standard (Ábrahám 

et al. 2010).  

Statistical analyses 

All data analyses were done by species separately. In order to estimate relative growth rate 

(RGR) for each treatment, data of stem volume trough time was first fitted to a power-law 

model due to its effectiveness on capturing the rapid initial growth and the slowing down of 

the growth rate over time (Paine et al. 2012): 

𝑉𝑡 = (𝑉0
(1−𝛽)

+ 𝑟𝑡(1 − 𝛽))
1/1−𝛽

 

where: 𝑉𝑡 is the stem volume over time, 𝑉0 is the initial volume (i.e., the volume at the first 

measurement), 𝑟 is a parameter controlling the RGR, and 𝛽 alters the shape of the progressive 

change of RGR. The growth curves were fitted by non-linear regression for each seedling using 

the function nls in the package ‘stats’ of R version 3.6.2 (R Core Team 2013). Then, for 

standardization and comparison purposes, RGR for each seedling was estimated at a common 

reference volume (𝑉𝑐) as: 𝑅𝐺𝑅 = 𝑟𝑉𝑐
𝛽−1

 (Turnbull et al. 2012); in our case, 𝑉𝑐 was the average 

volume of all seedlings at halfway of the evaluation period. 

The effect of the N form on RGR, biomass (absolute values and mass fractions), nutrient 

status, and P-V curves parameters were tested by one-way ANOVAs with ‘stats’ (R Core Team 

2013) and ‘car’ (Fox and Weisberg 2011) packages in R. When effects were significant 

(α<0.05), differences among means were tested using Tukey’s post hoc tests with the package 

‘agricolae’ (de Mendiburu 2016). Data homoscedasticity and normality were checked with the 

Levene’s test and the Shapiro-Wilk normality test, respectively. When required, data were log-

transformed to meet the ANOVA assumptions. Shoot and root mass yield through the 
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cultivation period were analyzed using a linear mixed-effects model with sampling date and N 

form as fixed effects, and tray as random effect. The model fit was done using the function 

lmer of the package ‘lme4’ (Bates et al. 2015). When main effects or their interaction were 

significant, a multiple comparison test with the Tukey’s method was done using the package 

‘emmeans’ (Lenth 2019). 

The dependence of A, EL, and Fv/Fm on Ψpd was analyzed as a sigmoidal function using 

the ‘drc’ package (Ritz et al. 2016). For analyzing A as function of Ψpd, we use a three-

parameter log-logistic model: 𝐴 = 𝑑/{1 + exp[𝑏(log(Ψ) − log(𝑒))]}, where d is the upper 

asymptote, which was fixed as the mean of maximum values of A of each fertilization 

treatment; b is the slope parameter of the curve, and e represents the Ψpd inducing 50% loss of 

A (ΨA50). Electrolyte leakage data was fitted to a four-parameter log-logistic model, including 

an additional parameter c to represent the lower asymptote: 𝐸𝐿 = 𝑐 + (𝑑 − 𝑐)/{1 +

exp[𝑏(log(Ψ) − log(𝑒))]}. Both lower (c) and upper (d) asymptotes were fixed as the mean 

of the minimum and maximum values of EL, respectively. In this case, e is the midpoint 

between c and d, here denoted as the Ψpd inducing 50% of EL (ΨL50). Since the sigmoidal 

relationship between Fv/Fm and Ψpd was asymmetric, it was analyzed by the following Weibull 

function: 𝐹𝑣/𝐹𝑚 = 𝑑{exp[− exp(𝑏(log(Ψ) − log(𝑒)))]}. In this model, the inflection point 

(e) is not at the midway of the curve. Thus, the 50% loss of Fv/Fm (ΨF50) was solved afterward 

using the function ED in the ‘drc’ package. The effect of the N form was assessed by comparing 

the Akaike information criterion (AIC) of two alternative models (Burnham et al. 2011): (1) a 

reduced model which assumes that parameters estimates are equal for all treatments, and (2) a 

full model with a different set of parameter estimates for each N form. Both models were 

further compared by the F-test statistic (Ritz and Streibig 2008). When the effect of N form 

was significant (i.e., full model was the most appropriate), then we compared the ΨA50, ΨL50, 

and ΨF50 values among treatments using the function EDcomp of the package ‘drc’. 

From gas exchange measurements during acclimation, we studied variations in the 

intrinsic water use efficiency (WUEi), calculated as the ratio between A and gs, and 

instantaneous water use efficiency (iWUE) as the ratio between A and E. For this purpose, we 

fitted a linear mixed-effects model, with Ψpd (continuous), N form, time of acclimation to 

drought (continuous) as fixed effects and the tray as a random effect. The model was linearized 

by log-transforming both absolute A and Ψpd. We calculated the whole-plant water use 

efficiency (WUEplant, g mass kg−1 H2O) of the induced-drought acclimation assay as the total 
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plant mass increment (g) divided by total water used per seedling (kg) during the 90 days 

period. Finally, data of photosynthetic pigments, proline, root and shoot mass increments, and 

WUEplant after the acclimation period were analyzed by mixed-effects models with N form and 

drought level as fixed effects and tray as random effect. 

Results 

Shoot growth and biomass partitioning 

Seedlings of P. engelmannii showed a similar plant development, both in volume and biomass 

yield, independently of the N form (Table 4.1). On the contrary, P. greggii seedlings grown 

with either N-mix or N-org had a higher stem RGR than those with NO3
-, while NH4

+-fed 

seedlings showed intermediate values. Similarly, it was found a significant effect of N form on 

biomass yield of P. greggii at the end of the fertilization period, with NO3
--fed seedlings having 

lower plant mass than their counterparts. However, these differences were shown only on shoot 

mass components, while the root mass was similar among treatments. Consequently, seedlings 

of P. greggii grown with NO3
- showed higher RMF than their counterparts, though without 

differences over N-org-fed seedlings. Seedlings grown with NH4
+ showed the lowest RMF, but 

the highest NMF. 

Table 4.1. Relative growth rates in stem volume (RGR) and plant mass allocation in  P. engelmannii 

and P. greggii seedlings grown with different N forms at 150 mg N seedling-1 during their first 

growing season: nitrate (NO3
-), ammonium (NH4

+), organic N (N-org), and equimolar mixture 

of the three N forms (N-mix). Data are means ± SE (n=24 for RGR and n=16 for mass 

variables). Means not sharing common letters are significantly different (Tukey HSD test, 

α=0.05). 

 Nitrogen form  ANOVA results  

 NO3
- NH4

+ N-org N-mix  F Pr(>F) 

Pinus engelmannii 

RGR (mm3 cm-3 day-1) 32.7±1.2 32.3±0.8 30.4±0.9 33.3±0.7  1.86 0.142 

Needle mass (g) 2.0±0.3 2.2±0.3 1.8±0.3 2.2±0.4  0.79 0.506 

Stem mass (g) 1.2±0.1 1.3±0.2 1.0±0.1 1.0±0.1  1.81 0.155 

Root mass (g) 1.1±0.1 1.2±0.1 1.0±0.1 1.0±0.1  1.03 0.387 

Needle mass fraction 0.42±0.03 0.45±0.02 0.43±0.04 0.48±0.03  0.93 0.431 

Stem mass fraction 0.31±0.03 0.28±0.02 0.28±0.02 0.27±0.02  0.75 0.526 

Root mass fraction 0.27±0.01 0.27±0.01 0.29±0.02 0.25±0.01  1.21 0.312 

Pinus greggii 

RGR (mm3 cm-3 day-1) 35.2±0.6b 36.8±0.7ab 38.0±0.6a 38.4±0.9a  3.64 0.015 

Needle mass (g) 2.3±0.1b 3.4±0.2a 2.9±0.2a 3.1±0.2a  7.26 <0.001 

Stem mass (g) 1.7±0.1b 2.5±0.2a 2.3±0.1a 2.5±0.2a  7.80 <0.001 

Root mass (g) 0.9±0.1 0.9±0.1 1.0±0.1 1.0±0.1  1.57 0.205 

Needle mass fraction 0.47±0.01b 0.50±0.01a 0.47±0.01b 0.47±0.01b  4.40 0.007 

Stem mass fraction 0.35±0.01 0.37±0.01 0.37±0.01 0.38±0.01  2.62 0.059 

Root mass fraction 0.18±0.01a 0.12±0.01c 0.16±0.01ab 0.15±0.01bc  13.47 <0.001 
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Analysis of N forms in the growing medium 

Analysis of the remaining N in substrate 24 h after fertilizer application showed that, in 

average, concentration of all N forms in the substrate decreased through the time of cultivation 

(Fig. S4.2). Presence of amino acids was detected in samples treated with N-org, N-mix, and 

NH4
+, with differences over those with NO3

-, which had a negligible concentration of amino 

acids across time of both plant species (Fig. S4.2a,b). But, at the end of cultivation, amino acids 

were almost undetectable in all samples (interaction Date × N form, p<0.001 in both species). 

An increased amino acid concentration was found with the incubation assay, i.e., samples 

showed positive depolymerization with all the fertilization treatments. Overall, the highest 

depolymerization rates were found in the N-org-treated samples, but differences with other 

fertilization treatments tend to disappear towards the end of the cultivation (interaction Date × 

N form, p=0.01). On the other hand, clearly a higher NH4
+ concentration was found in 

substrates that were fertilized with NH4
+ than other N forms , but it was only evident in the first 

20 weeks (interaction Date × N form, p<0.001 in both species; Fig. S4.2c,d). Presence of NH4
+ 

was also found in other fertilization treatments, particularly in substrate samples from P. 

engelmannii cultivated with either N-org or N-mix. Substrates that were supplied with NH4
+ 

showed negative ammonification rates in samples from the two first samplings (week 12 and 

16). On the contrary, positive ammonification rates were found in all samples that were 

fertilized with N-org and N-mix (interaction Date × N form, p<0.001 in both species). Finally, 

low NO3
- concentration was found in all samples (Fig. S4.2e,f), thought when the NO3

- and N-

mix were the supplied treatments, NO3
- concentration was slightly higher than NH4

+ or amino 

acids, mainly in the first two harvesting dates (interaction Date × N form, p=0.003 and p=0.014 

for P. engelmannii and P. greggii, respectively). Likewise, when samples were incubated, 

negative nitrification rates were found in all treatments and without differences among them. 

Water relations and physiological responses to desiccation 

The analysis of water relations from P-V curves showed that the N form affected only the Ψπtlp 

of P. engelmannii seedlings (Table 4.2). Seedlings grown with NO3
- showed the lowest Ψπtlp, 

with differences over those fertilized with N-org, while seedlings with NH4
+ and N-mix had 

intermediate values. Same trend was found in Ψπsat, but the differences were only marginal and 

showing the same trend as for Ψπtlp. On the contrary, water relations of P. greggii seedlings 

were not affected by the N form. 
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Table 4.2. Water relations parameters: osmotic potential at saturation (Ψπsat); osmotic potential at turgor 

loss point (Ψπtlp); modulus of elasticity (ε) and symplasm volume fraction (Vs/Vt) of Pinus 

engelmannii and P. greggii seedlings grown with different N forms at 150 mg N seedling-1 

during their first growing season : nitrate (NO3
-), ammonium (NH4

+), organic N (N-org), and 

equimolar mixture of N forms (N-mix). 

 Nitrogen form  ANOVA results  

 NO3
- NH4

+ N-org N-mix  F Pr(>F) 

Pinus engelmannii 

Ψπsat (MPa) −1.46±0.10 −1.32±0.06 −1.19±0.06 −1.33±0.07  2.85 0.060 

Ψπtlp (MPa) −1.92±0.06a -1.78±0.07ab −1.61±0.08b −1.75±0.08ab  3.90 0.022 

ε (MPa) 9.86±0.6 9.55±0.56 8.77±0.41 10.1±1.18  0.69 0.569 

Vs/Vt 0.12±0.08 0.23±0.05 0.26±0.07 0.21±0.09  0.62 0.606 

Pinus greggii 

Ψπsat (MPa) −1.03±0.04 −1.08±0.05 −0.95±0.03 −1.00±0.04  1.70 0.194 

Ψπtlp (MPa) −1.44±0.05 −1.57±0.10 −1.43±0.06 −1.44±0.05  1.01 0.405 

ε (MPa) 11.75±1.08 12.53±1.13 11.09±0.44 10.99±0.64  0.67 0.581 

Vs/Vt 0.55±0.02 0.58±0.02 0.61±0.03 0.56±0.02  1.13 0.357 

 

The reduction of A with decreasing Ψpd was influenced by the N form in both species 

(p=0.039 and p<0.001 for P. engelmannii and P. greggii, respectively). On one hand, in P. 

engelmannii seedlings, fertilization with either NH4
+ or NO3

- induced the lowest ΨA50, with 

differences over the treatment of N-mix, while N-org-fed seedlings had intermediate values 

(Fig. 4.1a). On the other hand, in P. greggii, both NO3
- and N-org fed seedlings showed lower 

ΨA50 than either NH4
+ or N-mix fed seedlings (Fig. 4.1b).  

Dynamics of EL with declining Ψpd were not affected by N form in both species (p=0.90 

and p=0.27, for P. engelmannii and P. greggii, respectively). Overall, 50% of EL was achieved 

at −2.5 MPa in P. engelmannii (Fig. 4.1c) and −2.8 MPa for P. greggii (Fig. 4.1d). The decrease 

of Fv/Fm with ongoing desiccation varied among fertilization treatments in P. engelmannii 

(p<0.001). The lowest ΨF50 (Ψ of 50% of Fv/Fm reduction) was found in seedlings grown with 

either N-mix or N-org, differing from those with NO3
-, while NH4

+-fed seedlings had 

intermediate values (Fig. 4.1e). This trend was also observed in P. greggii seedlings, but 

differences among treatments were non-significant (p=0.209, Fig. 4.1f). 
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Figure 4.1. Dynamics of net photosynthesis rate (A) (a, b), electrolyte leakage (EL) (c, d), and maximum 

photochemical efficiency of PSII (Fv/Fm) (e, f) with the progressive reduction (desiccation) of 

predawn water potential (Ψpd) during two weeks in Pinus engelmannii and P. greggii seedlings 

grown with different N forms at 150 mg N seedling-1 during their first growing season : nitrate 

(NO3
-, solid lines), ammonium (NH4

+, dashed lines), organic N (N-org, dot-dashed lines), and 

equimolar mixture of N forms (N-mix, dotted lines). Subplots represent the Ψpd value inducing 

the 50% loss of the response variable (mean±95% confidence). Means not sharing common 

letters are significantly different (α=0.05). 
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Biomass increment after drought acclimation 

At the end of the acclimation period, both species showed about 28% (P. engelmannii) and 

33% (P. greggii) less mass gain under drought stress than at the control treatment (both 

p<0.001). Seedlings of P. engelmannii that were fertilized with NH4
+ showed slightly higher 

shoot mass, but only with marginal differences over those with NO3
- (p=0.08, Fig. 4.2a), while 

the root mass increase was unaffected by the N form (p=0.76), independently of the drought 

level. In P. greggii, no differences were detected in growth of shoots or roots among N forms 

under drought conditions. However, in absence of drought stress, NH4
+-fed seedlings had a 

higher increase in shoot mass during acclimation than NO3
--fed seedlings (interaction N form 

× Drought level, p=0.014; Fig. 4.2b) and seedlings supplied with either N-org or N-mix 

displayed intermediate values of shoot mass increase. N-org-fed seedlings showed the highest 

root mass increase under well-watered conditions, though only with differences over the NO3
-

-fed seedlings (interaction N form × Drought level, p=0.05).  

 

Figure 4.2. Shoot and root mass increments in Pinus engelmannii (a) and P. greggii (b) seedlings after 

a 90-day acclimation period under two water regimes: well-watering (control, Ψpd=−0.39±0.03 

MPa) and drought stress (Ψpd=−1.02±0.06 MPa). Before acclimation, seedlings were grown 

with different N form at 150 mg N seedling-1 during their first growing season: nitrate (NO3
-), 

ammonium (NH4
+), organic N (N-org), and equimolar mixture of N forms (N-mix). Means in 

bar plots not sharing common letters are significantly different (Tukey HSD test, α=0.05). 

On the other hand, when exploring the relationship of total mass increase with root mass 

increase, it was found that the drought level altered the slope of the linear regression in P. 

engelmannii marginally (interaction plant mass increment × Drought level, p=0.058); i.e., the 
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water-stressed seedlings had less mass allocation to roots by a unit of total mass gain than well-

watered seedlings independently of the N form in the fertilizer (Fig 4.3a, c). On the contrary, 

in P. greggii, such effect was observed only in NH4
+-fed seedlings (interaction plant mass 

increment × N form × Drought level, p=0.049; Fig. 4.3b, d). 

 

Figure 4.3. Relationship between root and total mass increments in Pinus engelmannii (a, c) and P. 

greggii (b, d) seedlings after a 90-day acclimation period under two water regimes: well-

watering (control, Ψpd=−0.39±0.03 MPa) and drought stress (Ψpd=−1.02±0.06 MPa). Before 

acclimation, seedlings were grown with different N forms at 150 mg N seedling-1 during their 

first growing season: nitrate (NO3
-), ammonium (NH4

+), organic N (N-org), and equimolar 

mixture of N forms (N-mix). For P. engelmannii, solid gray lines in plots are the fitted 

relationships for all fertilization at each drought level. Note the different scale of each subplot. 

Changes in photosynthetic pigments and proline concentration with drought acclimation 

Before acclimation, once fertilization finished, in P. engelmannii only the Cx+c concentration 

differed significantly among N form treatments, with the N-org-fed seedlings having a higher 

concentration than the N-mix-fed seedlings, while those grown with the inorganic N forms had 

intermediate values (Table S4.2). The Chla+b concentration showed the same trend, but it was 

only marginally significant. N form did not influence any change in photosynthetic pigments 
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of P. greggii. Proline concentration was affected only marginally by the N form in P. greggii 

but not in P. engelmannii. In P. greggii, NO3
--fed seedlings showed a marginal higher proline 

concentration than N-org-fed seedlings, and NH4
+- and N-mix-fed seedlings had intermediate 

values. 

After the acclimation period, there was an overall reduction in the Chla+b concentration in 

both species, while Cx+c remained more stable. However, this decrease varied with the N form 

in P. engelmannii regardless of the drought treatment, and with the drought level in P. greggii 

irrespective of the N form (Fig. 4.4a, b). In P. engelmannii, although all treatments had similar 

Chla+b concentration at the end of acclimation (data not shown), N-org-fed seedlings, with the 

highest initial Chla+b concentration values, showed the highest decrease relative to the 

concentration at the pre-acclimation condition, and this pattern was also detected for Cx+c 

concentration (Fig. 4.4c). In P. greggii, regardless of the N form, Chla+b concentration reduction 

was higher in well-watered seedlings. In contrast, drought-stressed seedlings maintained the 

same Chla+b levels as the pre-acclimation condition. On the other hand, Cx+c concentration 

increased in drought-stressed seedlings relative to the pre-acclimation status, while Cx+c levels 

in well-watered seedlings remained unchanged (Fig. 4.4d). 

Proline concentration increased after the acclimation period, but the trend was different in 

each species. On one side, in P. engelmannii, proline increased in drought-stressed seedlings 

irrespective of the N form (Fig. 4.4e). On the contrary, in P. greggii seedlings, the increment 

of proline was affected by the N form but not by the drought level (Fig. 4.4f). On average, 

seedlings of P. greggii grown with either N-org or N-mix had higher proline concentration 

increase than those with inorganic N forms, though N-mix-fed seedlings did not show 

significant differences over NO3
--fed seedlings. 
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Figure 4.4. Relative change respect pre-acclimation values in concentration of total chlorophylls (a, b), 

carotenoids and xhantophylls (c, d), and proline (e, f) in Pinus engelmannii and P. greggii 

seedlings after a 90-day acclimation period under two water regimes (circles): well-watering 

(control, Ψpd=−0.39±0.03 MPa) and drought stress (DS, Ψpd=−1.02±0.06 MPa). Before 

acclimation seedlings were grown with N forms (squares) at 150 mg seedling-1 during their first 

growing season: nitrate (NO3
-), ammonium (NH4

+), organic N (N-org), and equimolar mixture 

of N forms (N-mix). Data are means ± 95% confidence intervals (n=12). 
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Water use efficiency along drought acclimation 

Net photosynthetic rates in drought-stressed seedlings across the acclimation period were, on 

average, 66% (P. engelmannii) and 57% (P. greggii) less than in the well-watered seedlings. 

In both species, iWUE (A/E) was significantly higher in drought-stressed seedlings (p=0.009 

and p<0.001 for P. engelmannii and P. greggii, respectively), but also increased significantly 

with time independently of drought treatment (p<0.001 in both species; Fig. S4.3). However, 

in P. greggii, after 20 days of acclimation, drought seedlings had two-fold more iWUE values 

than control seedlings, however well-watered seedlings shown a stepper increasing trend over 

time [interaction log(Ψpd) × Time, p<0.001]. 

Only in P. greggii N form influenced the iWUE (A/E), and only in drought-stressed 

seedlings [interaction log(Ψpd) × N form, p=0.030]. On average drought stressed seedlings and 

cultivated with N-org showed the highest iWUE across time, with differences over those 

cultivated with NO3
- and N-mix, while NH4

+ fed seedlings had intermediate values. WUEi 

(A/gs), similar to iWUE, was higher in drought-stressed seedlings and showed an overall 

increasing trend with time. However, in any case, WUEi was not affected by the N form nor its 

interactions (all p>0.05). On the other hand, WUEplant (Δbiomass/water added) was also 

markedly higher in drought-stressed seedlings (p<0.001 in both species). Only in P. greggii 

seedlings, N form affected WUEplant (p=0.037). On average, NH4
+-fed seedlings displayed the 

highest WUEplant, with differences over those with NO3
-, while both N-org- and N-mix-fed 

seedlings had intermediate values (Fig. 4.5b inserted). Both species showed a positive and 

significant correlation of WUEplant with iWUE (r=0.89 and r=0.91, for P. engelmannii and P. 

greggii, respectively). 
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Figure 4.5. Relationship between whole-plant water use efficiency (WUEplant) and leaf instantaneous 

water use efficiency (iWUE, A/E) in Pinus engelmannii (a) and P. greggii (b) seedlings under 

two water regimes for 90 days: well-watering (Ψpd=−0.39±0.03 MPa, gray symbols) and 

drought stress (Ψpd=−1.02±0.06 MPa, white symbols). Before acclimation, seedlings were 

grown with different N form at 150 mg seedling-1 during their first growing season: nitrate 

(NO3
-), ammonium (NH4

+), organic N (N-org), and equimolar mixture of N forms (N-mix). 

Inserted figures represent WUEplant by N form treatment. Data are means ± SE from each 

treatment level (n=12 for WUEplant and n=16 for iWUE at leaf level). 

Discussion 

Nitrogen forms effects on seedling mophology 

A novel aspect of this study was using amino acids as sole or complementary N source for 

nursery cultivation of P. engelmannii and P. greggii var. greggii. We had shown that both 

species had proper growth when they were fertilized with amino acids, either alone or in 

combination with inorganic N forms. Indeed, seedlings of P. greggii grown with amino acids 

showed improved shoot development than those grown with NO3
-. Likewise, in this species, 

differences in biomass allocation were found as an effect of the N form, with NO3
--fed 

seedlings showing the highest root mass fraction than their counterparts, though without 

differences over those grown with organic N. On the contrary, NH4
+-fed seedlings had the 

lowest root mass fraction, but a higher mass allocation to needles. According to the functional 

equilibrium hypothesis, these results could be associated with differences in N availability in 

the growing medium (see Fig. S4.2), with a large allocation to roots at the expense of stem and 
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leaf biomass as nutrient availability was lower (Poorter et al. 2012). Nevertheless, as treatments 

produced differences in plant size, variations in organ proportions could also be associated to 

plant size differences (ontogenetic-drift effect) (McConnaughay and Coleman 1999). This may 

be true when comparing NO3
--fed seedlings, having the smallest plant size, against their 

counterparts. But, when comparing seedlings grown with either NH4
+, N-org, or N-mix, with 

a similar size among them, we still found a higher root mass proportion in N-org-fed seedlings 

(see Table 4.1). This finding agrees with previous studies suggesting an improved root growth 

in conifer seedlings fertilized with amino acids (Cambui et al. 2011, Gruffman et al. 2012, 

Franklin et al. 2017), explained as amino acids might supply both C and N resources to support 

root growth (Franklin et al. 2017, Jiao et al. 2017). 

Despite the recognized ability of conifers to acquire a wide range of N forms, including 

intact amino acids, the stability of each N form in peat substrates after fertilizer addition 

requires an in-deep study to examine whether the plants had utilized predominantly the specific 

N source supplied. Our study revealed that the total N remnant in the medium was higher when 

NH4
+ was the supplied N form, which could be explained by a greater NH4

+ retention in peat 

substrates (Öhlund and Näsholm 2002, Dumroese et al. 2005). Likewise, we found the presence 

of NH4
+ when amino acids were supplied as sole N source. Indeed, the amino acid 

concentrations were somewhat lower than NH4
+ in both N-org and N-mix fertilization 

conditions. From this result, we first presumed that amino acids were ammonified after its 

incorporation into the growing medium and taken up as NH4
+ by plants. Nevertheless, the 

positive rates of depolymerization during the incubation assay also suggest a rapid amino acid 

turnover. In this sense, studies in acidic soil conditions, have shown that rates of amino acids 

production can be faster than those of NH4
+ (Jones and Kielland 2002, Andresen et al. 2015), 

with cellular efflux from plant roots and microbes being the possible drivers of the amino acid 

replenishment (Yin et al. 2013, Moe 2013). Indeed, in our experiment, an amino acid presence 

was also detected in substrates supplied with sole NH4
+. Besides, when N availability in the 

substrate was high, depolymerization appeared to be the dominant process. Thus, we believe 

that seedlings did have access to intact amino acids when supplied as N source. 

On the other hand, our substrate analyses showed a low NO3
- concentration in all samples, 

even when NO3
- was the only N form supplied (see Fig. S4.2). In this sense, NO3

- is known to 

be readily leached, not only in natural soils but also in potting media, mostly if microbial or 

plant uptake is low (Handreck 1992, Broschat 1995). Nevertheless, despite these probable NO3
-
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-losses, N availability from NO3
- fertilization appeared to be enough to meet N demands in P. 

engelmannii seedlings since plant growth differences among treatments were non-significant 

(see Table 4.1). Worth mentioning that the remaining N and, consequently, N transformation 

rates were almost negligible as the N demands by plant growth increased towards the end of 

the experiment. At this point, it is even more likely that plants absorbed N in the chemical form 

that it was supplied. 

Nitrogen forms effects on drought tolerance and acclimation 

After fertilization, we analyzed to what extend the N form affected different symplastic-hydric 

relations. Overall, it was found that seedlings grown with amino acids lost their turgor at a 

lower stress level (more positive Ψπtlp) than those fertilized with inorganic N forms. However, 

this effect was significant only for P. engelmannii, and only in comparison with NO3
- fed 

seedlings, which had the lowest Ψπtlp (see Table 4.2). Keeping cell turgidity led to plants 

maintaining stomatal openness and, therefore, net CO2 uptake (Brodribb and Holbrook 2003, 

Bartlett, Scoffoni, and Sack 2012). Accordingly, in P. engelmannii, a 50% loss of CO2 

assimilation rates was reached at a lower Ψ in seedlings grown with inorganic N forms. On the 

other hand, it is well known that sustaining stomatal conductance under severe water stress 

could increase the risk of hydraulic failure and vessel cavitation (McDowell et al. 2008). In this 

sense, we found that NO3
- fed seedlings, with lower Ψπtlp and ΨA50, showed the sharpest loss 

of their photochemical efficiency (more positive ΨF50). In contrast, in seedlings grown with 

either N-org or N-mix, with higher Ψπtlp, Fv/Fm reductions were less intense with decreasing Ψ. 

This effect was especially significant in P. engelmannii seedlings (see Figure 1e). Even though 

we did not measure the loss of hydraulic conductivity, some studies suggest an overall good 

relationship between symplast (e.g., PSII functionality, membrane stability) and apoplast 

resistance (xylem cavitation) in tree species (Blackman et al. 2010, Vilagrosa et al. 2010). Thus, 

our results suggest that fertilization with amino acid could lead to an early loss of turgor and 

photosynthesis in seedlings exposed to a severe drought but diminish their risk of leaf hydraulic 

dysfunction and photosystem preservation. 

Emulating potential climate change scenarios, the second objective in this study was to 

analyze plant-acclimation through morpho-physiological responses under a prolonged drought 

occurrence, which triggers resistance responses that could not be evaluated via water relations 

prior to drought (symplastic response) or other mechanisms in response to fast desiccation. In 

general, both species decreased around 50% of their biomass after 90 days under drought stress 
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imposition. In P. engelmannii, regardless of N form, the allocation to belowground biomass 

was reduced in water-stressed seedlings (see Figure 3c). In this sense, juvenile P. engelmannii 

tends to show proportionally large investment in aboveground biomass since they present a 

“grass stage” growth habit, an adaptation to resist low-intensity surface fires (Rodríguez-Trejo 

and Fulé 2003). Our results suggest that this peculiar biomass allocation pattern seems to be 

even more marked in water limitation conditions, inducing a diminished root growth. Similarly, 

a recent study showed that, while advantageous for fire-tolerance, the grass stage of pines could 

exacerbate plant hydraulic demands and increase its vulnerability to drought during the first 

year of growth (Hart et al. 2020). In P. greggii, the N form did influence the biomass 

partitioning during acclimation. We observed that NH4
+-fed seedlings reduced their biomass 

allocation to belowground when exposed to drought (see Figure 3d). In contrast, seedlings 

grown with organic N remained with greater biomass allocation to roots even in water stress 

conditions. 

Prolonged drought stress often induces reductions in chlorophyll levels as a consequence 

of pigments photooxidation. In this sense, either Chl degradation or impaired Chl biosynthesis 

is considered a common oxidative stress indicator (Munné-Bosch and Alegre 2004). In our 

study, both species tended to maintain their Chl concentrations under drought conditions. Thus, 

it is likely that the imposed drought level (Ψpd=−1.02±0.06 MPa) was not enough severe to 

induce oxidative stress. Moreover, we found an increased carotenoid concentration in P. 

greggii seedlings under drought, indicating a good capability to develop protection of 

photosynthetic apparatus in this species, since Cx+c act as chemical buffers against 

photooxidation (Choudhury and Behera 2001). During drought stress, plants also accumulate 

compatible solutes (osmolytes) to prevent water loss and maintain cell turgor by sustaining 

osmotic equilibrium (Reddy et al. 2004). Proline is one of those compounds that accumulate at 

high levels in the cytosol and play a significant role in osmotic adjustment and as a free radical 

scavenger (Ashraf and Foolad 2007). Our results showed that only P. engelmannii seedlings 

accumulated proline in response to drought, regardless of the N form in which they grew. In 

contrast, P. greggii seedlings, both drought-stressed and non-stressed, increased their proline 

concentration as if they experienced a natural physiological acclimation (or hardening) process 

apart from the water stress, after fertilization stop. Interestingly, we found that seedlings grown 

with amino acids had a higher proline increase than those with inorganic sources, as observed 

in our previous study with P. ponderosa (Sigala et al. 2020). 
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Drought stress induced an improved water use efficiency in the studied species, both at 

whole-plant and leaf level. Likewise, measurements of leaf WUE over time showed an 

increasing trend along with the acclimation period, even in non-stressed seedlings. 

Nevertheless, P. greggii seedlings showed an early adjustment of iWUE (A/E) when exposed 

to water limitation conditions (see Fig. S4.3b). Due to the strong dependency of A on either E 

or gs, any reductions in these latter variables results in improved leaf WUE (Flexas et al. 2010). 

But also, biochemical regulation of A and protection of the photosynthetic apparatus provides 

a mechanism for the rapid adjustment of WUE (Cramer et al. 2009, Junker et al. 2017). Thus, 

the greater development of photoprotective mechanisms in P. greggii seedlings under drought, 

e.g., via carotenoids biosynthesis (see Figure 4.4d), did likely contribute to their earliest 

evolution of leaf WUE. Furthermore, we found that seedlings of P. greggii grown with organic 

N had the highest leaf WUE under water stress, while NO3
--fed seedlings showed a lower WUE 

increase; though, it was significant only in iWUE. In this sense, leaf transpiration depends on 

leaf‐to‐air vapor pressure deficit, stomatal conductance, and, in less extend, on cuticular 

conductance (Flexas et al. 2010). Therefore, we deduced that those slight differences between 

iWUE (A/E) and WUEi (A/gs) driven by N forms might be due to differences in water losses 

through cuticular pathway since seedlings were growing in common evaporative demand 

conditions. 

Finally, a clear association was found between leaf WUE and whole-plant WUE. Yet, the 

slope of such a relationship changed differently in each species, i.e., when seedlings were 

subjected to drought, P. engelmannii had more biomass gain per kg of water used at whole 

plant level, but less CO2 assimilation per moles of water transpired, in comparison with P. 

greggii seedlings. In this sense, the stomatal control strategy of the species can explain the 

inter- or intra-specific variability of leaf WUE adjustments (Tomás et al. 2014). Accordingly, 

P. greggii, with an early stomatal closure, could increase WUE readily at leaf level in response 

to water scarcity but sacrificing biomass gain. In contrast, P. engelmannii, with less stomatal 

control, had a lower leaf WUE but higher biomass productivity. 

Conclusions  

The results of this study show that seedlings of both P. engelmannii and P. greggii can be 

grown with organic N sources, either alone or in combination with inorganic N forms. Indeed, 

in P. greggii, organic N supply induced greater biomass allocation to roots, which have 
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significant importance for seedling growth and survival after outplanting. In high-intensity 

drought conditions, N-org-fed seedlings showed somewhat earlier loss of turgor and 

photosynthesis than seedlings grown with the inorganic N forms. Yet, they tended to have a 

lower risk of leaf hydraulic dysfunction. This effect was particularly evident in P. engelmannii 

seedlings. On the other hand, under a prolonged drought scenario, N form influenced the 

acclimation mechanisms, but only in P. greggii. We observed that seedlings grown with 

organic N tended to have a higher proline accumulation and enhanced instantaneous leaf WUE, 

as well as maintained a greater biomass allocation to roots. The findings have important 

implications in managing N nutrition in forest nurseries for producing high-quality seedlings 

and increase our understanding of the role of N nutrition in plant strategies to cope with drought 

stress under climate change scenarios. 
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Supplementary data 

 

Table S4.1. Compounds of the nutrient solutions and total amounts (mg) of nutrients used in each of 

the fertilization treatments. 

Compound N (mg) P (mg) K (mg) Ca (mg) Mg (mg) S (mg) 

Nitrate solution (NO3
-)       

Ca(NO3)2*4H2O 120   180   

KNO3 30  60    

KH2PO4  45 60    

MgSO4*7H2O     60 75 

Total (mg) 150 45 120 180 60 75 

Ammonium solution (NH4
+)       

(NH4)2SO4 105     120 

NH4Cl 45      

KCl   60    

KH2PO4  45 60    

CaCl2    180   

MgSO4*7H2O     60 75 

+Total (mg) 150 45 120 180 60 195 

Organic-N solution (N-org)       

N-Amino acids† 150      

KCl   60    

KH2PO4  45 60    

CaCl2    180   

MgSO4*7H2O     60 75 

Total (mg) 150 45 120 180 60 75 

Equimolar N solution (N-mix)       

N-Amino acids† 45      

NH4NO3 105      

KCl   60    

KH2PO4  45 60    

CaCl2    180   

MgSO4*7H2O     60 75 

Total (mg) 150 45 120 180 60 75 
†Amino acid mixture: Glycine (18%), Glutamic acid (10%), Proline (8.2%), Arginine (5.5%), Aspartic 

acid (5%), Alanine (3.2%), Lysine (2.25%), Serine (2.2%), Leucine (2%), Threonine (1.6%), Valine 

(1.6%), Phenylalanine (1.5%), Isoleucine (1.15%), Tyrosine (0.8%), Histidine (0.6%). 
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Table S4.2. Concentration of photosynthetic pigments [chlorophylls a and b, (Chla+b), and carotenoids 

and xhantophylls (Cx+c)] and proline in needles of Pinus engelmannii and P. greggii seedlings 

grown with different N forms during their first growing season at 150 mg N seedling-1: nitrate 

(NO3
-), ammonium (NH4

+), organic N (N-org), and equimolar mixture of N forms (N-mix). 

 Nitrogen form  ANOVA results  

 NO3
- NH4

+ N-org N-mix  F Pr(>F) 

Pinus engelmannii 

Chla+b (mg g-1 FW) 1.31±0.10 1.39±0.16 1.67±0.16 1.15±0.12  2.37 0.091 

Cx+c (mg g-1 FW) 0.20±0.02ab 0.19±0.03ab 0.27±0.02a 0.17±0.03b  3.00 0.046 

Proline (µmol g-1 FW) 0.67±0.06 0.87±0.11 0.97±0.15 0.72±0.06  2.09 0.126 

Pinus greggii 

Chla+b (mg g-1 FW) 1.16±0.04 1.26±0.06 1.17±0.11 1.23±0.11  0.37 0.776 

Cx+c (mg g-1 FW) 0.17±0.01 0.16±0.02 0.16±0.02 0.18±0.02  0.38 0.771 

Proline (µmol g-1 FW) 1.14±0.08 1.06±0.05 0.86±0.04 0.97±0.10  2.76 0.061 

 

 

 

Figure S4.1. Electrical conductivity (a) and pH (b) recorded throughout the fertilization period of the 

nutrient solutions differing in the N form: nitrate (NO3
-), ammonium (NH4

+), organic N (N-

org), and equimolar mixture of N forms (N-mix). 
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Figure S4.2. Concentration (left axis, symbols and lines) of total amino acids (a, b), NH4
+ (c, d), and 

NO3
- (e, f) and N transformation rates (right axis, bars): depolymerization (a, b) , 

ammonification (c, d), and nitrification (e, f), in growing media during the nursery cultivation 

in P. engelmannii (a, c, e) and P. greggii (b, d, f) in the first growing season. Seedlings were 

grown with different N forms under exponential fertilization at 150 mg N seedling-1. Data are 

means ± SE (n=4) 
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Figure S4.3. Dynamics of instantaneous water use efficiency (iWUE, A/E) during a 90-day acclimation 

in Pinus engelmannii (a) and P. greggii (b) seedlings under two water regimes: well-watering 

(control, Ψpd=−0.39±0.03 MPa) and drought stress (Ψpd=−1.02±0.06 MPa). Before acclimation, 

seedlings were grown with different N form at 150 mg seedling-1 during their first growing 

season: nitrate (NO3
-), ammonium (NH4

+), organic N (N-org), and equimolar mixture of N 

forms (N-mix). Data are predicted iWUE values ± 95% confidence intervals. 

 






