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Nitrogen nutrition in pine seedlings: the role of organic N in promoting 

tolerance and acclimation to abiotic stress 

Effects of the organic N supply on growth and nutrient status of pine seedlings 

The results presented in this Thesis show that pine seedlings are able to utilize organic N (amino 

acids) as primarily N sources, showing similar plant development than when supplied with 

inorganic N sources, either individually or combined. These results are in line with earlier 

investigations showing that amino acids support the growth of some conifer seedlings as 

effectively as inorganic N fertilizers (Öhlund and Näsholm 2001; Gruffman et al. 2012; 

Franklin et al. 2017). We further found that the fast-growing species, i.e., P. halepensis and P. 

greggii, tended to have greater plasticity in growth than slow-growing species (e.g., P. 

sylvestris and P. engelmannii) in response to the N form (Chapter 2 and 4). In this regard, it 

was found a positive effect of organic N supply in shoot growth in fast-growing species, 

though, in P. greggii, this was only true compared with NO3
- supply. Thus, this first results 

support our general hypothesis that the potential energy- and C-savings from the amino acid 

utilization could be used to support plant growth or energy metabolism but would depend on 

the species' growth habit. 

In general, plants tend to produce more biomass or accumulate greater amounts of N when 

grown with the preferred N source (Britto and Kronzucker 2013), and these preferences are 

usually related to the most available N form in their native soils (Boczulak et al. 2014). In this 

Thesis, when N forms were supplied separately, most of the studied species (e.g., P. ponderosa 

and P. greggii) tended to have better performance when fertilized with NH4
+ and organic N as 

primary N sources. This result confirms the strong preference for NH4
+ or amino acids over 

NO3
- as a N source that has been reported in most of conifers (Kronzucker et al. 1997; Gruffman 

et al. 2014; Uscola et al. 2017). Nevertheless, seedlings of P. engelmannii showed no 

differences in growth among N forms. Although we lack information about N preferences of 

this latter species, and despite literature suggests preferences for NH4
+ and organic N sources 

in pine species (Gruffman et al. 2014; Uscola et al. 2017), our results suggest an efficient NO3
- 

utilization by P. engelmannii seedlings despite the weak NO3
- retention in the substrate. In this 

sense, even some conifers (e.g., Pseudotsuga menziesii, Pinus densata, or Larix keampferi) are 

seen to have a preference for NO3
-, exhibiting similar or better performance than when grown 

with either NH4
+ or amino acids (Yao et al. 2011; Boczulak et al. 2014; Zhu et al. 2019). 
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Previous studies have indicated that organic N promotes biomass allocation to roots 

(Cambui et al. 2011; Gruffman et al. 2012; Franklin et al. 2017). Nevertheless, in our 

experiments, P. greggii was the only species showing improved biomass allocation to roots 

when grown with amino acids (Chapter 4). On the contrary, in P. sylvestris and P. halepensis, 

such benefit of the organic N supply was marginal and occurred mainly in the low-nutrient 

availability range (Chapter 2). Enhanced root growth under nutrient deficiency relies on both 

nutrients acquisition soil and photosynthates (Marschner et al. 1996). In this regard, it has been 

suggested that the metabolic benefits from organic N uptake are especially evident when 

carbohydrate supply for root growth is reduced (Gruffman et al. 2013). Therefore, since low-

N fertilized seedlings could have a lower photosynthetic capacity and compromise 

carbohydrate supply to roots, we deduced that enhanced root mass in seedlings growing with 

organic-N could be a result of a lower dependence on current photosynthates to sustain root 

growth. Finally, Pinus engelmannii (Chapter 4) and P. ponderosa (Chapter 3) seedlings showed 

similar root mass allocation among N forms. Thus, we conclude that the effect of organic N 

supply on biomass partitioning could depend not only on its abundance in the growing medium 

but also on the species' root morphological plasticity to N forms. 

In this Thesis, we also demonstrated that organic N supply promotes as optimum nutrient 

status as the conventional inorganic N fertilization, although some differences among species 

were found. In P. sylvestris seedlings, fertilization with organic N induced lower N 

concentrations in aboveground tissues than inorganic N (Chapter 2). This result contradicts 

previous studies showing similar or even higher N concentration in seedlings of P. sylvestris 

grown with specific amino acids, e.g., glycine or arginine, than when fertilized with inorganic 

N sources (Öhlund and Näsholm 2001; Gruffman et al. 2012). In our study, from the total 

amino acid content in the employed fertilizer (58.3%), 12.4% was in form of glycine and only 

0.9% arginine (see Table S2.1 in Chapter 2). Therefore, we suggest that not all the amino acids 

supplied could be efficiently used by P. sylvestris. On the contrary, other species (e.g., P. 

halepensis and P. greggii) appeared to be more generalist in acquiring amino acids. In view of 

this, it is important to underline that, either in natural environments or forest nursery 

cultivation, not all amino acids may contribute equally to plant N nutrition and it could vary 

across species. Another interesting finding was that, at low nutrient availability, organic N 

supply appeared to stimulate P uptake (Chapter 1). As P is often a co-limiting factor with N 

(Elser et al. 2007), this improved P uptake could be beneficial for plants growing in low-N 
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soils, where most of the N is often available in the organic forms (Inselsbacher and Näsholm 

2012), alleviating P limitation. 

In this Thesis, we could not discard the possibility that a considerable fraction of the 

organic N supplied was transformed into inorganic N forms and taken up as NH4
+ or NO3

- by 

plants. Indeed, when amino acids were supplied as a sole N source, we detected some amounts 

of NH4
+ in the substrate 24 h after addition (Chapter 4). Nevertheless, when N availability in 

the substrate was high, depolymerization appeared to be the dominant process, suggesting a 

rapid amino acid turnover. Additionally, the amino acid presence was always detected, even 

when NH4
+ was the only N form supplied. This fast-transformation process between organic N 

forms and NH4
+ may also explain the plant response similarities between both treatments. 

Although most conifers show a preference for NH4
+, a high concentration of this cation is 

well known to induce toxicity (Britto and Kronzucker 2002), which occurs when plants absorb 

and accumulate free NH4
+ above their assimilation capacity (Bloom et al. 2010). Ammonium 

toxicity symptoms include reduced plant growth, alterations in root architecture, decreases in 

the root-to-shoot ratio, and nutrient unbalances, among others (Britto and Kronzucker 2002). 

In our studies, however, when NH4
+ was added as sole N form, even at high N dose (~10 mM 

N), it led to suitable nutrient loading and did not produce visual symptoms of toxicity. Though, 

in P. greggii, we observed that NH4
+ fertilization induced a significantly lower root mass 

fraction than the other treatments (Chapter 4). 

Our results also showed that when NO3
- is supplied as sole N form, it might induce lower 

needle N concentration than both NH4
+ and organic N. This can be also explained as a higher 

preference of conifers for NH4
+ and amino acids (Rothstein and Cregg 2005; Boczulak et al. 

2014), which are often the most abundant N sources in forest soils (Näsholm et al. 1998; 

McKane et al. 2002; Delgado-Baquerizo et al. 2011). Previous studies have indeed shown 

higher uptake rates of NH4
+ and amino acids in P. sylvestris (Öhlund and Näsholm 2001) and 

P. halepensis (Uscola et al. 2017), in comparison with NO3
-. Additionally, we confirmed that 

NO3
- was poorly retained in the growing media (Chapter 4), agreeing with the general 

assumption that this ion is readily leached from soils and potting media (Handreck 1992; 

Broschat 1995). This effect may further explain the lowest plant growth in seedlings of P. 

greggii supplied with NO3
- (Chapter 4). With this latter result, we corroborated that, although 

the species N preferences will determine the effectiveness of a given N form, both NO3
- and 

NH4
+ fertilizers may represent operational problems separately, which were not observed 
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neither in the amino acid-based fertilization nor when all N forms were supplied in 

combination. 

The role of organic N in promoting abiotic-stress tolerance and acclimation 

As stated previously, the fact that the organic N is the most energetically cost-effective N 

source it could be reflected either in biomass construction or support energy metabolism. This 

latter aspect is crucial under stress conditions since many defense responses are highly energy‐

requiring (Chaves et al. 2003; Lambers et al. 2008). In this Thesis, we did not observe 

substantial benefits of organic N in a specific attribute across species, such as growth, reserves, 

or mechanisms underlying stress tolerance. Instead, the benefits of organic N seemed to be 

moderately expressed in different functions at once. Accordingly, in some species, besides 

improving growth, organic N fertilization tended to boost physiological mechanisms linked 

with the cold- and drought-acclimation dynamics. 

During cold acclimation, both P. halepensis and P. sylvestris seedlings tended to 

accumulate soluble sugars and proline, compounds known to support the osmotic adjustment, 

but also functioning as cryoprotectants under freezing stress (Strimbeck et al. 2015; Magaña 

Ugarte et al. 2019). Interestingly, seedlings of P. halepensis supplied with organic N tended to 

have a higher accumulation of such compatible solutes and enhanced frost tolerance towards 

the end of hardening. On the other hand, we found that P. sylvestris, with markedly higher frost 

resistance, showed less accumulation of soluble sugars and proline than P. halepensis, 

suggesting that such compounds have a minor contribution to its cold acclimation. Further, 

organic N supply no longer improved the high frost tolerance of this species. Consequently, we 

speculated that the benefits of the organic N supply in frost tolerance and acclimation might be 

expressed in enhancing compatible solutes concentration. Yet, it would depend on the extent 

that such osmolytes contribute to the species' cold acclimation. 

An interesting outcome was that organic N supply appeared to expand the growing period 

in autumn or stimulate secondary growth during winter without negative effects in frost 

tolerance levels or without promoting nutritional dilution. For instance, regardless of N dose, 

organic N fertilization induced a slight delay in the cessation of shoot elongation in P. 

sylvestris, an endo-dormant species that shows a marked growth cessation in autumn (Chapter 

2). Nevertheless, we did not find a negative effect of delayed growth cessation on frost 

tolerance levels, confirming the findings by previous authors (Puértolas et al. 2005; Luoranen 
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et al. 2008; Toca et al. 2018). On the other hand, the N form did not affect the growth cessation 

timing in P. halepensis seedlings, yet, we found that seedlings grown with high organic-N rates 

showed a higher shoot mass increase during the hardening period than those with inorganic N. 

As an eco-dormant species, P. halepensis display an indeterminate growth strategy that is often 

activated in mild winter conditions (Pardos et al. 2003). Despite this activation involves 

remobilization of winter C and N reserves (Uscola et al. 2015), we did not find a reduced 

concentration of soluble sugars in organic-N fed seedlings due to the mass increase during 

hardening. Further, their highest chlorophylls concentration indicates an improved 

photosynthetic apparatus and, therefore, enhanced current photosynthate supply. This effect 

would not only compensate for the dilution process but also increased soluble sugars 

concentration. Therefore, we conclude that the high availability of organic N at pre-hardening 

would not negatively affect the frost tolerance of eco-dormant species, such as P. halepensis. 

Regarding drought acclimation, in general, seedlings grown with either organic N or NH4
+ 

had a better performance under drought stress conditions, in comparison with NO3
--fed 

seedlings (Chapter 3 and 4). For instance, in all cases, NH4
+ and N-org-supplied seedlings 

tended to maintain the highest chlorophylls concentration until the end of the drought-

acclimation. This effect was further reflected in their photosynthetic performance and, 

concurrently, in a higher water use efficiency (WUE).  

Likewise, our pine species exhibited accumulation of compatible solutes (e.g., soluble 

sugars and proline) when subjected to stress conditions, a key mechanism by which plants can 

acclimate via reducing the osmotic potential within the cells (Taiz and Zeiger 2010; Chen and 

Jiang 2010). Interestingly, in some cases, plants supplied with amino acids seemed to have an 

improved osmolyte accumulation. For instance, organic-N fed seedlings of both P. ponderosa 

and P. greggii had the highest proline increase during the drought-acclimation period (Chapter 

4). Similarly, this effect was detected in P. halepensis during cold hardening (Chapter 2).  

Besides being a primary osmolyte, the amino acid proline act as an antioxidative-defense 

molecule preventing degradation of subcellular components, including chlorophylls (Ashraf 

and Foolad 2007; Ali et al. 2019). Indeed, exogenous application of proline in crops have 

shown benefits in chlorophyll biosynthesis and, eventually, improved photosynthetic 

performance in plants under distinct stress conditions (Hayat et al. 2012 and references therein). 

From our data, it is not possible to conclude about the antioxidative role of proline in the study 

species. Yet, we can indicate that proline may partly contribute to the osmoregulation in our 
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species, and this acclimation mechanism could be further improved with the exogenous organic 

N supply. 

Worth mentioning that organic-N fed seedlings appeared to have less dehydration 

tolerance before drought acclimation, showing a slightly earlier loss of turgor (i.e., higher Ψπtlp) 

than those fertilized with inorganic N sources. Furthermore, at intraspecific level, N form 

seems to modify Ψπtlp, consequently affecting the photosynthesis process (Fig. 5.1). In this 

sense, plants with more negative Ψπtlp are known to maintain higher stomatal conductance and 

photosynthesis under water stress (Bartlett et al. 2012b). This relationship was confirmed in 

our experiments since a positive correlation was found between Ψπtlp and the Ψpd at 50% loss 

of photosynthesis (ΨA50) across species (r=0.79, p=0.011; Figure 1a). But, more remarkable, 

Ψπtlp was highly correlated with Ψpd at 95% loss of photosynthesis (ΨA95) (r=0.97, p<0.001; 

Fig. 5.1b). Therefore, while in inorganic N fed seedlings Ψπtlp and ΨA50 are low, organic-N fed 

seedlings, had higher Ψπtlp showing a rapid loss of photosynthesis. In this sense, since variations 

in Ψπtlp within species are driven primarily by changes in osmotic potential at full turgor (Ψπsat) 

(Bartlett et al. 2014), we speculated that NH4
+ and NO3

- prompted a higher concentration of 

osmolytes than the organic N during cultivation. For instance, in P. ponderosa, we found that 

NH4
+-supplied seedlings had the highest proline concentration and, accordingly, the lowest 

Ψπsat and Ψπtlp (Chapter 3). Similarly, both inorganic N forms induced slightly lower Ψπsat and 

Ψπtlp in P. engelmannii and P. greggii (Chapter 4), though we observed a poor relationship 

between proline and Ψπsat. Thus, other osmolytes than proline were likely involved in variations 

of the osmotic potential in these less drought-tolerant species. 
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Figure 5.1. Linear relationship between the turgor loss point (Ψπtlp) and the leaf water potential at 50% 

(ΨA50, a) and 95% (ΨA95, b) loss of photosynthetic rates (A) in seedlings of Pinus engelmannii 

(circles), P. greggii (squares), and P. ponderosa (triangles) fertilized with different N forms: 

nitrate (NO3
-, white symbols), ammonium (NH4

+, grey symbols) and organic N (N-org, black 

symbols). Data are means ± SE per species and treatments. Data are extracted from Chapter 3 

and 4.  

The isohydric strategy of conifers entails a strong stomatal regulation to maintain high 

Ψleaf and hydraulic conductance (Bartlett et al. 2016). Indeed, an early stomatal closure during 

water stress is known to enlarge the safety margin between Ψleaf at stomatal closure and leaf 

hydraulic dysfunction (Brodribb and Holbrook 2003; Johnson et al. 2009). Therefore, plants 

with higher Ψπtlp tend to exhibit a higher leaf hydraulic safety margin. Although the loss of 

hydraulic conductivity was not measured, we did find that seedlings P. engelmannii and P. 

greggii supplied with organic N showed a less pronounced decline of photochemical efficiency 

(Fv/Fm) during desiccation (Chapter 4). Recent studies indicate that Fv/Fm decline often do not 

occur until reaching severe water stress or after a major hydraulic dysfunction (Cardoso et al. 

2018; Trueba et al. 2019), and that the 50% loss of Fv/Fm with dehydration might cause an 

irreversible impairment of photochemical activity and loss of leaf rehydration capacity (Trueba 

et al. 2019). Thus, we suggest that organic N fertilization can lead to an early loss of turgor and 

photosynthetic activity but could expand the safety margin to leaf hydraulic and photochemical 

dysfunction under severe water stress. 

It has been suggested that plants closing stomata earlier during drought (e.g., those with 

isohydric strategy) to prevent dehydration would depend more heavily on carbohydrate 

reserves to meet continued C demands for respiration, osmoregulation, or defense (Martínez-

Vilalta and Garcia-Forner 2017), making them more vulnerable to C starvation (McDowell et 
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al. 2008). However, in this Thesis, variations in the stomatal behavior linked to the N forms 

did not necessarily explain the variations in growth or carbohydrate dynamics (i.e., soluble 

sugars) among treatments or species under prolonged drought. Organic N fed plants with earlier 

stomatal closure, did not show symptoms of decreasing soluble sugar concentration. Indeed, as 

stated above, some acclimation mechanisms were improved in seedlings grown with organic 

N, which appeared to have an earlier stomata closure. Thus, we hypothesized that nutrient or 

carbohydrate reserves could be playing a compensatory role: on the one hand, seedlings with 

greater carbohydrates reserves, as might be organic N fed seedlings due to its C bonus, would 

exert greater and sooner stomata closure since the risk of C starvation is low. In contrast, 

seedlings with low C reserves need to maintain stomata opened to sustain C uptake at the 

expense to reduce the hydraulic safety margin since the risk of C starvation could be higher. 

Methodological considerations 

In this Thesis, we used various techniques to assess the plant tolerance to freezing or drought 

stress in the laboratory from different perspectives. For instance, in the drought-tolerance trials, 

pressure-volume curves protocol was employed to the determination of leaf turgor loss point 

(Ψπtlp), which provides valuable physiological information about stomatal response, including 

the plants’ capacity to maintain CO2 assimilation as soil dries (Bartlett et al. 2012b). Likewise, 

we measured the photosynthetic dynamics across a dehydration gradient, and we verified that 

Ψπtlp can explain variations in the full loss of CO2 uptake with dehydration (Fig. 5.1). Thus, 

although pine species tend to show low plasticity in leaf water relations in response to N 

fertilization (Villar-Salvador et al. 2013), examining Ψπtlp is still paramount to explain 

interspecific variations in stomatal kinetics and photosynthetic gas exchange under dry soil 

conditions. 

Changes in the Ψπtlp for a given species are driven by shifts in the leaf osmotic potential at 

full turgor (Ψπsat) that are promoted by variations in the symplastic solute concentration 

(Bartlett et al. 2012b). Nevertheless, determinations of both Ψπsat and Ψπtlp, via pressure-volume 

curves, is a highly time-consuming procedure. Fortunately, a more rapid protocol has now been 

proposed that consist of measuring Ψπsat using a vapor pressure osmometer and predicting Ψπtlp 

from it (Bartlett et al. 2012a; Griffin-Nolan et al. 2019). This new technique may be 

advantageous as it allows extending the number of samples considerably that can be viably 

analyzed. It is also feasible to determine concentrations of specific osmolytes to explain the 
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plants’ dehydration tolerance. Indeed, many compatible solutes, such as proline, fulfill roles 

not only as regulating osmotic potential but also as protecting molecules against oxidative 

stress (Verslues et al. 2006). For example, we found that proline concentration explained in 

some extent the variations in Ψπsat in P. ponderosa (Chapter 3). Further, we observed that 

proline was even sensible to N fertilization within species. Therefore, assessing this 

multifunctional amino acid could be a useful tool to better understand species plasticity in water 

relations to N nutrition and their interactions with abiotic stresses. 

On the other hand, for evaluating frost tolerance, we utilized the visual scoring method 

(percentage of brown or withered needles, VDI) to evaluate the whole plant damage after 

exposure to frost (Chapter 2). We also measured Fv/Fm as a potential indicator of freezing injury 

in the photosystem II (Burr et al. 2001). Both variables were tightly associated, though the 

intercept of such a relationship depended on the species (p=0.001, Fig. 5.2a), indicating that 

leaf necrosis appear at different levels of Fv/Fm reduction on each species. We further observed 

that the values of LT50 from both methods followed similar trends across treatments and 

species. However, we observed that the Fv/Fm-based LT50 was slightly lower than the LT50 

from VDI (Chapter 2), i.e., the loss of 50% of Fv/Fm may embody more than 50% of needle 

withering. In any case, the measurement of Fv/Fm seems to accurately predict needle damage 

and, especially, seedling mortality (100% VDI) after freezing. Similarly, previous studies have 

also shown that Fv/Fm was strongly correlated with the visible needle damage in conifers 

(Binder and Fielder 1996; Perks et al. 2004; Puértolas et al. 2005) and, therefore, it has been 

recommended as a more rapid indicator of cold hardening than the visual method.  
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Figure 5.2. Linear relationship of maximum photochemical efficiency of PSII (Fv/Fm) with visual 

damage index (VDI) and electrolyte leakage (EL) in pine seedlings subjected to a gradient of 

freezing (a) and drought stress (b). For the frost-tolerance analyses, Fv/Fm data from 24 h-after-

frost measurements was used. Data are means of each replicate of fertilization treatment (n=6). 

Note different scales at each subplot. 

The Fv/Fm ratio was also used to assess the susceptibility of damage in the photosynthetic 

machinery to dehydration (Chapter 4). Simultaneously, the electrolyte leakage (EL) was 

measured as a relatively quick method to determine cell membrane stability in the presence of 

abiotic stress (Bajji et al. 2002), indicating different cellular damage (EL) between species at 

same value of Fv/Fm. Studies have suggested that variations in chlorophyll fluorescence 

influenced by a stress gradient are well-correlated with the EL (Su et al. 2015; Guadagno et al. 

2017). Hence, Fv/Fm would potentially quantify cellular damage induced by severe water stress. 

Indeed, for dehydration- and frost-tolerance assays, some authors have recommended Fv/Fm 

over the EL technique since it is a more rapid and noninvasive diagnostic tool (Perks et al. 2004; 

Su et al. 2015). Accordingly, in our study, Fv/Fm was correlated with the EL, but also the 

intercept varied with the species (p<0.001, Fig. 5.2b). Furthermore, the Ψ at 50% loss of Fv/Fm 

(ΨF50) was substantially lower than the Ψ at 50% EL (ΨL50) (see Fig. 4.1, Chapter 2). Only 

about 20-25% loss of Fv/Fm correspond to the ΨL50 and, consequently, the ΨF50 was reached at 

very severe water stress (Ψ <–3 MPa). In a recent study, Trueba et al. (2019) conclude that the 

50% loss of chlorophyll fluorescence occurs once a major dehydration-induced injury appears, 

concurring with irreversible damage to leaf functionality. Hence, we suggest that Fv/Fm can be 

a useful tool to define fatal membrane disruption thresholds and complete loss of rehydration 

capacity. Yet, it does not necessarily describe the EL trends across the whole desiccation 
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gradient. Finally, worth mentioning that the differences in the intercept of the linear 

relationship between Fv/Fm and VDI or EL suggest differences in sensitivity of the 

photosynthetic machinery across species. In other words, this effect implies that at similar 

levels of either tissue (VDI) or cell membrane injury (EL), some species could still have better 

performing of their photosynthetic machinery than others. 

Practical implications of the Thesis findings 

The findings of this Thesis have relevant implications not only for nursery seedling cultivation 

but also for forest restoration under climate change scenarios. From the nursery cultivation 

perspective, our results underline the importance of considering the N source employed in 

fertilization programs since many aspects of seedling quality can be modified by managing the 

N forms in the nutrient solutions. Using the adequate composition of N forms, based on species 

preferences, could enhance the N use efficiency (NUE). In this sense, previous studies have 

remarked the potential of the organic N supply to improve the NUE in containerized conifer 

seedlings by optimizing plant N uptake and minimizing N losses (Öhlund and Näsholm 2002; 

Gruffman et al. 2012; Franklin et al. 2017). The latter aspect is essential since N losses in forest 

nurseries represent substantial negative impacts, both environmental and economical (Jacobs 

and Landis 2008). For instance, leaching N compounds, mainly in the form of NO3
-, may be a 

substantial water contamination source with harmful effects on the local environment near to 

the nurseries (Juntunen et al. 2002). Thus, our results confirm that the application of amino 

acid-based fertilizers could be an alternative or supplement to commercial nitrogenous 

fertilizers for producing high-quality pine seedlings with less environmental impacts than the 

inorganic N sources. 

From the forest restoration perspective, our findings have important implications for better 

understanding the influence of the N sources in plant strategies to withstand abiotic stress. For 

instance, we confirmed that pine seedlings growing in organic-N-dominated substrates have 

the capacity to acclimate to environmental stresses, which is important for plants growing in 

areas with slow mineralization rates, such as cold and temperate-dry forests. On the other hand, 

we observed that NO3
- fertilization could have a depressive effect on plant growth and nutrient 

status of some pine species (e.g., P. ponderosa and P. greggii) and, subsequently, NO3
--fed 

seedlings may display a poor physiological acclimation (Chapter 3 and 4). This issue underlines 

the relevance of N mineralization dynamics in forest soils and their potential repercussion in 
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the functional performance of seedlings. Likewise, now we know that changes in some 

morpho-physiological traits under abiotic stress, such as biomass allocation, nutrient dynamics, 

and photosynthetic activity, may not only be affected by the N availability but also by the N 

form in which seedlings have grown. These findings are paramount to expand our knowledge 

about how alterations in the availability of the different N forms in soils could compromise 

forest regeneration and restoration under future climate scenarios. 

Future directions 

From the results of this Thesis, many new issues arose that should be addressed in future 

studies: 

• Nowadays, it is well-established that conifers can take up and use intact amino acids as 

N source. Many authors have suggested that the amino acid uptake and assimilation 

require less supply of energy and C skeletons than the inorganic N forms (Gruffman et 

al. 2013; Franklin et al. 2017; Jiao et al. 2017). Nevertheless, there are still many 

questions about the effects of exogenous organic N addition in the N and C metabolism 

of plants. For instance, it remains unclear how the specific amino acids are assimilated, 

transported, and distributed to distinct tissues and cell compartments. In Chapter 2 we 

found some evidence that organic N induced channeling N to the photosynthetic 

apparatus with positive effects in chlorophyll concentration. Thus, we consider that 

future studies should explore N partitioning changes as influenced by organic N 

fertilization. 

• In our experiments, we could not discard the possibility that a considerable fraction of 

the organic N supplied was transformed into inorganic N forms before plant uptake or 

vice versa. We attempted to elucidate how N forms were transformed in the growing 

media after addition (Chapter 4). Nevertheless, more research is necessary to explore 

how distinct factors, such as N rates and N forms (specific amino acids or other organic 

N sources) and timing of N application, species N preferences, or the environmental 

variables could affect the N transformation rates and thereby the N use efficiency and 

quality of nursery-grown seedlings. Further, there are remaining questions about how 

interacting abiotic factors modulate the availability and uptake of the N forms in nature.  
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• We found some evidence that the N form induce changes in phenology or growth 

dynamics during the cold season (Chapter 2). From this result, an interesting question 

is whether the N form could also affect exit of seasonal dormancy in spring. This issue 

is important because late spring frost events that occur after budburst can cause severe 

leaf damage as plants may be fully deacclimated (Kreyling 2019). Furthermore, spring 

frost is expected to increase in frequency and intensity due to climate change 

(Augspurger 2013). Therefore, future research should address the effects of the N 

sources in seedling phenology and deacclimation dynamics in spring-like conditions. 

• In natural environments, either drought or freezing may occur in combination with other 

stress factors. For instance, hotter droughts in summer that take place when a reduction 

in rainfall coincides with an increase in air temperature (Overpeck and Udall 2010), or 

extreme mid‐winter droughts that are increasingly occurring in ecosystems defined by 

mild‐wet winters (e.g., Mediterranean forests), both situations expected to arise in 

frequency due to climate change (Earles et al. 2018). In this sense, concurrent abiotic 

stresses could have a greater impact on seedling performance than one factor can cause 

alone (Allen et al. 2010; Matías et al. 2017; Harrison and LaForgia 2019). Thus, in 

future trials, the role of N nutrition and, primarily, the effects of the N source in stress 

tolerance and acclimation should be assessed under multiple abiotic factors acting 

simultaneously. 

• It is well-known that mycorrhizal symbioses facilitate nutrient acquisition to plants, 

especially in low nutrient conditions (Smith and Read 2008). In some cases, inoculation 

with particular fungal symbionts is often used in nursery seedlings due to their 

ecological and (or) economic interest. Nevertheless, the formation of mycorrhizal 

associations may be inhibited by high inorganic N availability, mainly due to substrate 

acidification (Brunner 2001). Further, it has been suggested that the highest C cost for 

assimilating inorganic N forms might decrease the pool of sugar concentration in roots, 

hampering the onset of mycorrhizal colonization (Diaz et al. 2010). In this sense, there 

are interesting questions about whether the lower dependence of carbohydrate for 

organic N uptake and assimilation results in a lower impact on establishing mycorrhizal 

symbioses in tree seedlings than the inorganic N forms. Future research would clarify 

whether the use of organic N can be maximized in combination with improved 

mycorrhizal colonization.
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General conclusions 

1. Organic N, supplied in the form of amino acids, supported growth of pine seedlings as 

effectively as the inorganic N forms. Fast-growing species (e.g., P. halepensis and P. 

greggii) showed higher phenotypic plasticity to N forms, with their growth being 

further improved with organic N.  

2. Organic N supply prompted a suitable nutrient status in pine seedlings. Notably, amino 

acids at low N rate promoted P loading in P. halepensis and P. sylvestris seedlings. 

While most species seem to be generalist in the use of amino acids (e.g., P. halepensis, 

P. ponderosa), others such as P. sylvestris, may not acquire all amino acids equally, 

leading to low N status. 

3. In general, seedlings of most of the species showed vigorous growth and suitable 

nutrient loading when grown with NH4
+ as a sole N source. Indeed, NH4

+ seedling 

response was quite close to that of organic N. However, in sensitive species to NH4
+, 

such as P. greggii, its use induced the lowest biomass allocation to roots. 

4. Nitrate as the sole N source induced a low N concentration in needles of P. ponderosa 

and lower shoot growth in P. greggii than organic N and NH4
+. Nevertheless, P. 

engelmannii showed similar plant development with NO3
- than their counterparts, 

implying an efficient NO3
- utilization in this species.  

5. In addition to the advantages of organic N found in seedling performance, it lacks those 

of the drawbacks detected with NH4
+ and NO3

- fertilization. 

6. Although frost tolerance was not appreciably increased in organic-N supplied 

seedlings, they showed a greater chlorophylls concentration and accumulation of 

compatible solutes (e.g., soluble sugars and proline) throughout the cold hardening. 

Further, while organic N supply delayed the shoot growth cessation in P. sylvestris or 

stimulate secondary growth in P. halepensis during winter, it did not reduce frost 

tolerance in both species. 

7. Organic N fertilization did not support intrinsic tolerance to dehydration before 

acclimation. Organic-N fed seedlings tended to have an earlier loss of turgor and 

photosynthesis than those grown with the inorganic N forms. Nevertheless, damages to 
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photosynthetic machinery and, consequently, loss of leaf functionality could be 

diminished in seedlings grown with organic N. 

8. In some pine species, such as P. ponderosa and P. greggii, the N form appeared to 

influence drought-acclimation mechanisms rather than intrinsic dehydration-tolerance. 

Overall, seedlings grown with either organic N or NH4
+ had a better performance under 

prolonged drought scenarios, in comparison with NO3
--fed seedlings. Notably, some 

acclimation responses, including biomass partitioning, leaf water use efficiency, or 

proline accumulation, were boosted by organic N fertilization. 

9. This Thesis demonstrates that the plants’ energy- and C-savings from the amino acid 

utilization could be split out in different functions, such as biomass construction, 

reserves, and support plant physiological adjustments for acclimating to abiotic 

stresses, instead of maximizing a single process. This outcome was evident mostly in 

fast-growing species. 
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Conclusiones generales 

1. El N orgánico suministrado en forma de aminoácidos promovió un crecimiento similar 

al de las fuentes de N inorgánico en plantas de pino. Las especies de rápido crecimiento 

(ej. P. halepensis y P. greggii) mostraron mayor plasticidad fenotípica a las fuentes de 

N y su crecimiento fue mejorado cuando fueron cultivadas con N orgánico. 

2. El aporte de N orgánico promovió un adecuado estado nutricional en las plantas de 

Pinus. Notoriamente, los aminoácidos a baja dosis de N promovieron la adquisición de 

P en plantas de P. halepensis y P. sylvestris. Mientras la mayoría de las especies parecen 

ser generalistas en el uso de aminoácidos (ej. P. halepensis y P. ponderosa), otras como 

P. sylvestris podrían no adquirir todos los aminoácidos con la misma eficacia, 

conduciendo a una menor concentración de N. 

3. En general, las plantas de la mayoría de las especies mostraron un crecimiento vigoroso 

y adecuado estado nutricional cuando fueron cultivadas con NH4
+ como única fuente 

de N. Sin embargo, en especies sensibles al NH4
+ como P. greggii, este indujo menor 

asignación de biomasa a la raíz. 

4. El NO3
- como fuente exclusiva de N redujo la concentración de N en hojas de P. 

ponderosa y promovió menor crecimiento de la parte aérea en P. greggii que el N 

orgánico y NH4
+. No obstante, P. engelmannii mostró un buen crecimiento con NO3

- lo 

que sugiere una absorción eficiente del NO3
- en esta especie. 

5. Además de las ventajas del N orgánico encontradas en el desarrollo de las plantas, 

carece de algunos de los inconvenientes detectados cuando se utilizan NH4
+ y NO3

-. 

6. Aunque la tolerancia al frío no se incrementó notablemente en plantas cultivadas con 

N orgánico, estas sí mostraron una mayor concentración de clorofilas y acumulación 

solutos compatibles (e.g., azúcares solubles y prolina) durante el endurecimiento. 

Además, si bien la fertilización con N orgánico retardó el cese de crecimiento en P. 

sylvestris o promovió el crecimiento secundario durante invierno en P. halepensis, no 

redujo la tolerancia a heladas en ninguna de las especies. 

7. La fertilización con N orgánico no favoreció la tolerancia intrínseca a la desecación 

previa a la aclimatación. Las plantas cultivadas con N orgánico tuvieron una pérdida de 

turgencia y fotosíntesis más temprana que aquellas cultivadas con formas de N 
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inorgánicas. No obstante, se observó que el daño en la maquinaria fotosintética y, en 

consecuencia, la pérdida de funcionalidad en las hojas podría verse reducida en plantas 

fertilizadas con N orgánico. 

8. En algunas especies, como P. ponderosa y P. greggii, la forma de N pareció influir más 

en los mecanismos de aclimatación a la sequía que en la tolerancia intrínseca a la 

desecación. En general, las plantas cultivadas con N orgánico o NH4
+ tuvieron un mejor 

desempeño en escenarios de sequía prolongada, en comparación con aquellas 

cultivadas con NO3
-. Especialmente, algunas respuestas de aclimatación, incluyendo la 

partición de biomasa, eficiencia en el uso de agua en hojas, o acumulación de prolina, 

fueron mejorados con la fertilización con N orgánico. 

9.  En esta tesis se demuestra que el ahorro energético y de C en las plantas a partir de la 

utilización de aminoácidos podrían dividirse en diferentes funciones, como 

construcción de biomasa, reservas de N y ajustes fisiológicos en las plantas para 

aclimatarse al estrés abiótico, en lugar de maximizar un sólo proceso. Este resultado 

fue particularmente evidente mayormente en especies con mayores tasas de 

crecimiento. 


