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Abstract

:

Increasing atmospheric CO2 concentration and nitrogen deposition are, among the global change related drivers, those playing a major role on forests carbon sequestration potential, affecting both their productivity and water-use efficiency. Up to now, results are however contrasting, showing that the processes underlying them are far from being fully comprehended. In this study, we adopted an innovative approach to simulate the increase of N deposition in a sessile oak forest in North-Eastern Italy, by fertilizing both from above and below the canopy. We observed the dynamics of basal area increment, intrinsic water-use efficiency and of several leaf functional traits over 4 years, to evaluate how the added nitrogen and the two different fertilization system could affect them. We were not able, however, to detect any shift, besides a common yearly variability related to a prevailing background environmental forcing. To this end, we considered as relevant factors both the short time-span of the observation and the relatively low rate of applied nitrogen. Therefore, we stress the importance of long-term, manipulative experiments to improve the understanding of the C sequestration and mitigation ability of forests in response to increased N deposition.
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1. Introduction


Atmospheric carbon dioxide concentration (Ca) increase and nitrogen (N) depositions are considered among the climate change-related drivers that play a major role on forest productivity and carbon (C) sequestration potential [1,2]. However, evidences on the effect of rising CO2 levels on forest productivity, as well as on the intrinsic water-use efficiency (iWUE) of trees are still contrasting. In fact, although several authors reported a positive relationship between forest growth and iWUE [3,4,5] especially in drought prone sites an increase in Ca was not followed by a corresponding increase in tree growth, though an increase in iWUE was observed [6,7]. In the last decades, nitrogen oxides (NOx) emitted during fuel combustion and ammonia volatilization resulting from intensive agriculture have increased atmospheric N deposition, mostly as NO3− and NH4+, especially in the Northern Hemisphere [8]. Similarly to CO2 increase, N deposition is thought to improve forest productivity and C storage [9], as both temperate and boreal forests are considered N-limited ecosystems [10,11]. However, also concerning the effect of atmospheric N deposition on forest ecosystem, contrasting results are reported in the literature. Some long-term experiments showed that chronic soil N addition could have negative effects on forest growth and soil organic matter mineralization due to the N-saturation process [12]. At the same time, other authors have shown an important stimulating effect of N deposition on forest biomass accumulation [13] and consequently on the overall ecosystem carbon (C) storage potential [9,14]. Erisman et al. [15], reviewing a number of studies based on experimental data and model simulations, reported C sequestration rates up to 160 kg of C per kg of N added, with most of the results ranging between 35 and 65 kg C/kg N. These conclusions are also supported by the results of long-term manipulation studies, where N has been added to the soil for periods of more than a decade [16]. In these studies, N deposition was found to exert an effect on the water use efficiency at the tree level by increasing either the leaf area [17] or the photosynthetic capacity [18]. Short-term studies showed different responses to increased N inputs, related both to an enhancement of assimilation rate (A) [19,20] and to a reduction of stomatal conductance (gs) [21]. Overall, the discrepancies of the available research results suggest that more long-term experimental studies are needed for a better understanding of the response of forests to environmental changes and to elucidate the mechanisms behind the sensitivity of forest productivity to N addition. Furthermore, most of the manipulation experiments performed so far have simulated increase in N depositions providing N fertilization on the forest floor, bypassing the tree canopy [22]. However, it has been shown that tree canopy can absorb a large amount of N from atmospheric deposition [23,24]. The passage through the canopy can determine a change in the chemical form of the N input with deposition [24,25,26]. Results from previous fertilization experiments may therefore have been biased by the absence of the interaction with the canopy, which should be included in experimental designs if the real impact of N depositions on forest ecosystems has to be assessed. Nitrogen deposition is expected to increase in many regions and has been predicted to almost double globally by 2050 [27]. Therefore, to know the sensitivity of forest ecosystem to N deposition is crucial to guide forest managers’ choices in times to come. In this study, we present the first results of a long-term experiment, where N was add to the forest both from above and below the canopy. Specifically, the aim was to assess the short-term effects of the differential N fertilization systems on forest growth, iWUE and on several leaf functional traits.




2. Results


The correlation matrix shows a significant relation between iWUE and leaf area index, (LAI), as well as between LAI and canopy N content and relative leaf N concentration (Table 1). The other parameters do not result to be significantly correlated. No significant correlations are evidenced when the dataset is split by single treatment.



Regardless of the fertilization method, the basal area increments obtained from girth tape measurements present a clear inter-annual variability with higher values in 2016 and 2018, which are common to all the plots (Figure 1a). According to the general linear model (GLM) repeated measurements, the effect of the N addition was never significant, whereas the time, i.e., the years, resulted to be a highly significant factor (Table 2). Moreover, no significant interaction between year and treatment was detected for this variable. The same pattern emerges when taking into consideration the iWUE, the leaves N content, as well as the total canopy N content (Figure 1b–f), though with different trends among the single variable.



The iWUE displayed a particularly high value in 2017. The leaf N concentration is decreasing in 2016 and then constantly increasing in 2017 and 2018, whereas canopy N content decreased in 2016, remained constant in 2017 and increased in 2018. Values of LAI were slightly higher in 2016, while LMA was decreasing in 2016 and 2017 and increasing in 2018 in the treated plots, but remained more or less constant in the control plots throughout the whole period. However, for both LAI and LMA, the effect of year was not significant, as well as that of the treatment and the interaction between time and treatment (Table 2).




3. Discussion


The aim of this study was to evaluate the short-term effects of N addition by using two different N fertilization systems, above and below the canopy, on tree growth, intrinsic water-use efficiency at leaf level and on several leaves functional traits. To our knowledge, very few experimental studies explored the effects of N depositions on forest ecosystems through canopy fertilization [24,28,29]. Even less did it by comparing N fertilizer addition on the ground and above the canopy [22], or by investigating the iWUE changes after N fertilizations through stable isotope analyses [30]. Most probably, the reasons behind this deficiency are the costs, effort required and intrinsic difficulties of such an approach. However, this leads to a crucial lack of knowledge regarding the way that N depositions naturally occur. In fact, the amount of N intercepted by the canopy can represent a significant part of the overall N reaching the ecosystem. For instance, Gaige et al. [24] showed that, in a North-American coniferous forest, the canopy layer retains from 57% to 75% of the NO3- and from 73% to 83% of the NH4+. Thus, neglecting this portion of the overall N cycle can lead to relevant biases in the understanding of the forest ecosystem functioning.



Depending on tree species and original nutritional status, nitrogen deposition was found to affect plant transpiration and stomata conductance on leaf, tree and stand scales influencing in turn net carbon assimilation and climate change mitigation potential [31]. However, the existing studies reported often contrasting results and the mechanisms that are behind the response of forests to N depositions in terms of water balance and C gain are still matter of debate [15,32]. The balance between C gain and water loss by transpiration is well represents by the iWUE, being the ratio of assimilation rate to stomatal conductance. In this context, N deposition was found to increase iWUE in Quercus velutina and Populus × euroamericana [19,30] to have no effect in Fagus sylvatica L. and Pinus sylvestris L. [21,33], and to decrease iWUE of phosphorus-limited tropical forests [34]. N directly reaching the canopy is readily available for uptake by the leaves, particularly in the form of NH4+ [24] and its assimilation is expected to increase leaf N content, affecting photosynthesis [19] and ultimately the C sequestration potential. Therefore, the magnitude of the interception might have a greater impact on the C cycle and on the potential of forest ecosystems to act as carbon sink [9]. In fact, photosynthetic rate was found to be strictly correlated to leaf N content in many studies and generally associated with an increased rubisco activity [35]. Since it has been observed that the canopy reacts faster to N additions [20], in our study we were expecting to find already in the short-term a divergent response of the NAB treated plots when compared to the NBL plots. However, no clear effect of the treatment was found and only a temporal trend was detected, regardless of the treatment, which likely points to a still prevailing role of the local conditions in determining the variations of the investigated parameters. For instance, we observed a common and consistent trend of iWUE for all the treatments that could be ascribed to local climatic variability, while the influence of the N addition on the carboxylation [35], and hence on the A component of the iWUE, could still be masked by the former. The magnitude of the trees’ reaction to N fertilization can be mostly ascribed to the stand species mixture and age, the background deposition as well as the amount and duration of N addition [36]. In this study, the absence of evident effects might be related to the time needed for an ecosystem such as an oak adult high-forest to shift its N cycle in response to added N, applied either above or below canopy. Among the studies that assessed the relationship between N, C and water cycles, Jennings et al. [30] investigated the behavior of both iWUE and tree growth on a 60 years old black oak forest following long-term manipulative fertilizations, and showed that there was a positive effect on both. Similar findings were also obtained by Cornejo-Oviedo et al. [37] on a 20 years old Douglas fir plantation. Here, N fertilization had a positive impact on iWUE, the increase of which promoted tree growth. The results of these studies, however, were gathered respectively after 23 years and after 7 years since the start of the experiment, whereas the time span of our study consists of only 4 years of observations after the beginning of the treatments. On the other hand, Guerrieri et al. [20] found a positive response of the iWUE in a Sitka spruce plantation already within 5 years. Nevertheless, this suggests that both the age of the stand and the ecology of the studied species might play a significant role. Our forest is, in fact, similar to the former case, being all the stands at around 80 years of age, whereas the latter two are young plantations of fast-growing species, in which the elevated N inputs applied (224 kg N/ha in the Douglas fir stand) likely triggered a much faster response. At this point, a second issue must be taken into consideration, i.e., the amount of added N. Though in this study this is not low if compared to the background N deposition levels in the Monticolo site, it could be a further possible explanation of the lack of a short-term response, especially when compared to similar manipulative experiments. Different studies reported that only high levels of N addition would result in higher leaf N content [38,39,40], with different species and forests being insensitive to low inputs of N deposition [41,42,43]. In line with the above-mentioned studies, both leaf N content and total canopy N content were unaffected by the external N addition in our experiment. This result helps to explain the absence of physiological response to nitrogen treatments in terms of both WUE and growth rate that we observed in our study. Besides the above-mentioned research of Cornejo-Oviedo et al. [37], other studies focusing on either below canopy fertilization or on both above and below addition normally applied greater quantities of N. For instance, Sheppard et al. [44] applied N at two different rates (48 and 96 Kg N ha−1 yr−1); Jennings et al. [30] applied 50 and 150 kg N ha−1 yr−1 and Zhang et al. [22] 25 and 50 kg N ha−1 yr−1. Only Gaige et al. [24] applied a quantity similar to the one added in this study (18–20 kg N ha−1 yr−1), though for a longer period than in our experiment. This suggests that 4 years is still a short time to allow observing a clear reaction of the studied forest to the N addition, regardless of the fertilization system. To this end, our results show that the leaves N% was changing in a common way among the treatments almost all the time, with the NAB showing a higher value only in 2018, though not significant. Moreover, not overly elevated N addition rates and a less fast responding forest ecosystem might have easily interacted and, combined, contributed to the observed lack of effects on both tree growth, iWUE and the leaves functional traits.




4. Material and Methods


4.1. Study Site and Experimental Design


The study area is located in Monticolo (46°25′35′′ N; 11°17′55′′ E), in the Autonomous Province of Bolzano, Italy, at about 550 m above sea level (a.s.l.). The forest stand in which the plots have been established is composed of Sessile oak (Quercus petraea L.), up to 97%. Minor species are Scots pine (Pinus sylvestris L.), sweet chestnut (Castanea sativa Mill.) and several others occurring sporadically, such as lime (Tilia cordata Mill.), European hop-hornbeam (Ostrya carpinifolia Scop.) and silver birch (Betula pendula Roth). The main biometric characteristics of the forest stand at the beginning of the experiment are reported in Table 3.



The forest lies on an acid brown soil originating from porphyritic quartz rock. Average annual temperature at the site is 11.4 °C, whereas average annual precipitation is 800 mm [45]. The experimental design consisted of a set of nine circular plots (12 m radius), three for each different treatment: unfertilized control plot, fertilization by adding NH4+NO3− directly to the ground (i.e., traditional fertilization, NBL) and fertilization by adding NH4+NO3− to the canopy by aerial mist spraying (i.e., aerial fertilization, NAB; Figure 2). The nine plots were arranged in a completely randomized design and were established close to each other, in an area of about 200 m of length, but with at least 10 m of distance between each plot. This was chosen in order to minimize the variation of stand conditions while avoiding issues related to drifting of the fertilizer during applications. The NH4+NO3− solution (4.3 g N/L) was applied at ground or canopy level (at 15–18 m height, depending on plot maximum tree height) by aerial mist spraying, resulting in a deposition of 20 kg ha−1 yr−1, which was more than three times higher than background atmospheric N deposition [45]. A gasoline powered pump (Officine Carpi S.R.L., Poviglio, Reggio Emilia, Italy) was used to ensure the needed pressure. The pump was then connected, for aerial fertilization, to rotating sprinklers (Rain Bird SNC, Aix-en-Provence, France) mounted on telescopic posts (Fireco S.R.L., Gussago, Brescia, Italy) installed at the center of the Nab plots. These sprinklers provided a spray radius of 12 m, covering the whole plot when operating at a pressure of 2 bars. Tests on the uniformity of the quantity of water provided in the covered area were performed before installation. For NBL plots, the NH4+NO3− solution was applied manually with a water hose and a spray nozzle, paying attention to uniformly distribute the solution in the treated area. The fertilization was provided in five application dates, monthly from May to September starting from May 2015. The amount of water provided in each plot with fertilization (210 L H2O yr−1) is equivalent to a precipitation of 0.46 mm for the season, which is negligible if compared to the average annual precipitation of the region.




4.2. Tree Growth


At the beginning of the experiment, in 2014, we measured all diameters of each tree within the plots using a tree caliper, with a threshold of 5 cm at breast height (i.e., DBH, 1.30 m). Successively, we placed permanent girth tapes D1 (UMS Gbh, München, DE, Germany) on a subsample of 10 trees per each plot, stratified according to the relative distribution of trees within the DBH classes, in order to obtain measurements as representative as possible of the whole stand growth (see Table S1 for information about number of trees, mean diameter and coefficient of variation for each plot). We then read the girth tapes values every year before the start of the growing season (January or February), from 2015 to 2019. The obtained radial increment values were then transformed in basal area increment (BAI) values, referred both to the plot surface and to the hectare.




4.3. iWUE and Leaves Parameters Data Collection


Discrimination against the heavier C stable isotope occurs during the photosynthetic process. Therefore, plant tissues are generally depleted in 13C if compared to the atmospheric CO2 and the 13C isotopic signature (δ13C) in leaves reflects changes in the ci/ca ratio, which is the ratio between CO2 concentration in the leaf intercellular spaces (ci) and in the atmosphere (ca). These are linked to changes in both A and gs. This relationship is described in the simplified Farquhar equation as follows [46]:


δ13Cp = δ13Ca − a − (b − a) (ci/ca),



(1)




where δ13Ca is the isotopic signature of atmospheric CO2, a is the fractionation for 13CO2 during diffusion through air (4.4‰) and b is the fractionation occurring during carboxylation (27‰) by the Rubisco enzyme. From this equation, it is possible to derive ci as follows:


ci = ca ((δ13Ca − δ13Cp − a)/(b − a)).



(2)







Therefore, given the values of CO2 atmospheric concentration and those of atmospheric and leaf δ13C, it is possible to estimate the intrinsic water-use efficiency (iWUE; A/gs) by the following equation:


iWUE = A/gs = (ca − ci)/1.6 = (ca − (ca (δ13Ca − δ13Cp − a)/(b − a)))/1.6.



(3)







Oak leaves were sampled in July of four consecutive years (2015–2018) for stable isotope analysis and both relative N concentration and leaf mass per area (LMA) determination. We randomly sampled 30 fresh leaves in each plot, taken from several trees and only from the part of the canopies directly exposed to light radiation through telescopic pruning shears. Immediately after the sampling, we weighted each single fresh leaf and measured the respective leaf area through a LI-COR 3000C (LI-COR, Lincoln, NE, USA), in order to determine the LMA. Afterwards, the leaves were oven dried overnight at 60 °C, pooled for each plot and milled. The obtained powder was then used for the δ13C isotopic analyses. The analysis was done by using an EA elemental analyzer (Flash 2000, Thermo Scientific, Waltham, MA, USA) connected to an isotope ratio mass spectrometer (Delta V Advantage, Thermo Scientific, Waltham, MA, USA) via a continuous flow interface (ConFlo IV, Thermo Scientific, Waltham, MA, USA). Isotope ratios were expressed as permil δ notation (δ = (Rsample/Rstandard) − 1 × 1000) relative to VPDB international standards for 13C. Moreover, δ13C values were corrected for the “Suess effect” [47], i.e., the decrease of atmospheric δ13C due to emissions of 13C depleted carbon dioxide since the onset of industrialization. Data for correction were retrieved from NOAA mean annual CO2 data (www.esrl.noaa.gov/gmd/ccgg/trends). iWUE values were calculated using Equation (3). Together with the isotope signature of leaves, also N content was measured.



The total leaf area index (LAI) per plot was determined from litterfall quantification, by means of three litter traps with a collecting area of 1590 cm2 each, placed in every plot and surveyed periodically each year from November to January. Eventually, by multiplying the N concentration by LMA and LAI we obtained the canopy total N content (g N/cm2).




4.4. Data Analysis


The results obtained in terms of tree growth (BAI), iWUE and leaves functional traits (leaves N content, LMA, LAI and canopy total N) were related through a correlation analysis (IBM SPSS 25, IBM, Armonk, NY, USA) by pooling all the data together and by splitting the data-set by N addition treatment (NAB, NBL and NCTRL), including all sampled years. To understand at what extent the different treatments affected the changes of the considered features over time, we applied a general linear model (GLM) repeated measures procedure, using IBM SPSS 25 software (IBM, Armonk, NY, USA), including all the considered variables, with the sampling years as within-subject factor and the fertilization treatment as between-subject factors, with a significant level of 0.05.





5. Conclusions


After 4 years of additional N supply, both above and below the canopy, we were not able to detect an effect on tree growth, iWUE and some leaves functional traits. On the other hand, we observed a common pattern for almost all the investigated parameters, hinting to a still prevailing background environmental forcing on the studied stand, rather than that of the simulated N deposition. Among the factors responsible for the lack of response, we considered as relevant both the short time-span of the observation and the relatively low rate of N applied, particularly in relation to the forest species and age. However, given the crucial role of N depositions in affecting the C sequestration potential of temperate forests and their response to increased drought, also the long-term effects of the experiment should be investigated in the future, to further understand the interactions of the above-mentioned factors and the overall forest climate change mitigation potential.
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Figure 1. Trend of basal area increment (BAI, a), intrinsic water use efficiency (iWUE, b), relative leaf nitrogen content (Nleaves, c), leaf area index, (LAI, d), leaf mass per area (LMA, e) and canopy nitrogen content (Ncanopy, f), observed in the three different treatments during the 4 years observation period. Data points represent mean values of three plots. SE are shown in vertical bars. Black line = above canopy fertilization; dark grey line = below canopy fertilization; light grey = control). 
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Figure 2. Illustrated scheme of the fertilization system adopted in this study. NBL = below canopy fertilization; NAB = above canopy fertilization; control = no fertilization. 






Figure 2. Illustrated scheme of the fertilization system adopted in this study. NBL = below canopy fertilization; NAB = above canopy fertilization; control = no fertilization.



[image: Forests 11 00047 g002]







[image: Table] 





Table 1. Correlation matrix for basal area increment (BAI), intrinsic water use efficiency (iWUE), relative leaf nitrogen content (Nleaves), leaf area index (LAI), leaf mass per area (LMA) and canopy nitrogen content (Ncanopy). For each variable in the first row are the Pearson correlation coefficients, whereas in the second row, in italic, are the significance values (p < 0.05). Significant correlations are highlighted in bold characters.
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BAI

	
iWUE

	
LAI

	
LMA

	
Ncanopy

	
Nleaves






	
BAI

	

	
0.0333

	
0.2139

	
−0.0269

	
0.2658

	
0.1880




	

	
0.8472

	
0.2104

	
0.8674

	
0.1171

	
0.2722




	
iWUE

	
0.0333

	

	
−0.3310

	
−0.1426

	
−0.2403

	
0.3178




	
0.8472

	

	
0.0487

	
0.4068

	
0.1580

	
0.0589




	
LAI

	
0.2139

	
−0.3310

	

	
−0.2953

	
0.5895

	
−0.0401




	
0.2104

	
0.0487

	

	
0.0804

	
0.0002

	
0.8165




	
LMA

	
−0.0269

	
−0.1426

	
−0.2953

	

	
0.3290

	
0.0746




	
0.8674

	
0.4068

	
0.0804

	

	
0.2060

	
0.6654




	
Ncanopy

	
0.2658

	
−0.2403

	
0.5895

	
0.3290

	

	
0.6114




	
0.1171

	
0.1580

	
0.0002

	
0.2060

	

	
0.0001




	
Nleaves

	
0.1880

	
0.3178

	
−0.0401

	
0.0746

	
0.6114

	




	
0.2722

	
0.0589

	
0.8165

	
0.6654

	
0.0001
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Table 2. Results for the general linear model (GLM) repeated measures, considering the treatment as between-subject factor and years as within-subject factor. The interaction between the two is also shown. Significant statistics (p < 0.05) are highlighted in bold characters. Variables are: basal area increment (BAI), intrinsic water use efficiency (iWUE), relative leaf nitrogen content (Nleaves), leaf area index (LAI), leaf mass per area (LMA) and canopy nitrogen content (Ncanopy).
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Variable

	
F

	
p






	
Treatment

	
BAI

	
0.119

	
0.890




	
iWUE

	
0.228

	
0.803




	
Nleaves

	
0.180

	
0.839




	
LAI

	
1.936

	
0.225




	
LMA

	
2.060

	
0.208




	
Ncanopy

	
2.060

	
0.208




	
Year

	
BAI

	
16.985

	
0.000




	
iWUE

	
21.986

	
0.000




	
Nleaves

	
62.191

	
0.000




	
LAI

	
2.867

	
0.065




	
LMA

	
2.925

	
0.062




	
Ncanopy

	
11.638

	
0.000




	
Year × Treatment

	
BAI

	
0.358

	
0.896




	
iWUE

	
0.310

	
0.923




	
Nleaves

	
1.097

	
0.401




	
LAI

	
0.156

	
0.985




	
LMA

	
2.324

	
0.077




	
Ncanopy

	
0.406

	
0.865
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Table 3. Species mixture, total basal area and stand characteristics of the forest stand at the beginning of the experiment. Stand characteristics referred to sessile oak population only (gm: average basal area; dmg: diameter at average basal area; hmg: height at average basal area diameter; Hd: dominant height (average height of the tallest 100 trees); V: standing volume).
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N Trees

	
G (Basal Area)

	
Stand Characteristics




	

	
N/ha

	
%

	
m2/ha

	
%

	

	






	
Quercus petraea

	
1125

	
95.62%

	
26.969

	
95.31%

	
gm (m2/ha)

	
0.02




	
Tilia cordata

	
20

	
1.67%

	
0.260

	
0.92%

	
dmg (cm)

	
17.50




	
Castanea sativa

	
2

	
0.21%

	
0.005

	
0.02%

	
Hmg (m)

	
13.37




	
Ostrya carpinifolia

	
12

	
1.04%

	
0.147

	
0.52%

	
Hd (m)

	
16.40




	
Pinus sylvestris

	
15

	
1.25%

	
0.786

	
2.78%

	
V (m3/ha)

	
215.47




	
Acer spp.

	
2

	
0.21%

	
0.001

	
0.01%

	

	




	
Total

	
1177

	

	
28.168
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