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Abstract 39 

Evergreen conifers thrive in challenging environments by maintaining multiple sets of 40 

needles, optimizing photosynthesis even under harsh conditions. This study aimed to 41 

investigate the relationships between needle structure, photosynthetic parameters, and age 42 

along the light gradient in the crowns of Abies alba, Taxus baccata, and Picea abies. We 43 

hypothesized that: (1) Needle structure, photochemical parameters, and photosynthetic 44 

pigment content would correlate with needle age and light levels in tree crowns. (2) The 45 

photosynthetic capacity of ageing needles would decline and adjust to the increasing self-46 

shading of branches. Our results revealed a non-linear increase in the leaf mass-to-area ratio. 47 

The maximum quantum yield of photosystem II photochemistry decreased linearly with 48 

needle age without reaching levels indicative of photoinhibition. Decreased maximum 49 

electron transport rates (ETRmax) were linked to declining values of saturation photosynthetic 50 

photon flux and increasing non-photochemical quenching of fluorescence (NPQ), indicating 51 

energy losses as heat. The chlorophyll a to chlorophyll b ratio linearly decreased, suggesting 52 

older needles sustain high light capture efficiency. These findings offer new insights into the 53 

combined effects of needle ageing and self-shading on photochemistry and pigment content. 54 

This functional needle balance highlights the trade-off between the costs of long-term needle 55 

retention and the benefits of efficient resource utilization. In environments where air 56 

temperature is less of a constraint on photosynthesis due to climate warming, evergreen 57 

coniferous trees could sustain or enhance their photosynthetic capacity. They can achieve this 58 

by shortening needle lifespan and retaining fewer cohorts of needles with higher ETRmax and 59 

lower NPQ compared to older needles.  60 

 61 

Keywords: adaptation to light, chlorophyll a fluorescence, leaf age, photosynthesis, 62 

photosynthetic pigments    63 

 64 
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List of abbreviation 71 

Abbreviation Definition Units 

Car Total needle carotenoid concentration  mg g-1 
Car Total needle carotenoid content g m-2 
Chltot Total needle chlorohyll concentration mg g-1 
Chltot Total needle chlorophyll content g m-2 
Chla Chlorophyll a concentration mg g-1 
Chla Chlorophyll a content g m-2 
Chlb Chlorophyll b concentration mg g-1 
Chlb Chlorophyll b content g m-2 
Fv/Fm Maximum quantum yield of PSII photochemistry dimensionless 
ETRmax Apparent maximum electron transport rate (ETR) μmol m-2 s-1 
LMA Leaf mass-to-area ratio g m-2 
NPQ Non-photochemical quenching of fluorescence dimensionless 
PPFsat Photosynthetic photons flux at ETRmax μmol m-2 s-1 
PSII Quantum yield of PSII photochemistry dimensionless 
PPFsat Quantum yield of PSII photochemistry at PPFsat dimensionless 
α Fraction of light absorbed by PS II dimensionless 
α Initial slope of light response curve of ETR dimensionless 
β Coefficient of dynamic down-regulation of PSII dimensionless 
γ Saturation term of the light response curve for ETR dimensionless 

 72 
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Introduction 89 

Needle-leaved evergreen conifers are predominant in Northern Hemisphere forests 90 

(Givinish 2002), showcasing their ability to diverse climatic and soil conditions as the primary 91 

arboreal and shrub forms across various ecosystems (Neale and Wheeler 2019).  92 

Evergreen conifers have evolved mechanisms to retain needles over multiple years, 93 

facilitating sustained photosynthesis even in harsh climates (Givinish 2002; Kivimäenpää and 94 

Sutinen 2007; Wyka et al. 2008). Their resilience to extended winter droughts, low 95 

temperatures, and poor soil conditions is remarkable. Needle adaptations evolve as they mature 96 

(Kivimäenpää and Sutinen 2007; Wyka et al. 2008), with their structural features, including 97 

thick epidermis, wax layers, hypodermis, and tracheids, conferring greater drought tolerance 98 

compared to broadleaf deciduous trees (Givinish 2002). 99 

Studies have consistently shown a decline in net CO2 assimilation rates with needle age 100 

across various conifer species (Freeland 1952; Yoder et al. 1994; Oleksyn et al. 1997; Tissue et 101 

al. 2001; Warren 2006; Suzuki and Takahashi 2020). Additionally, factors such as light 102 

conditions, temperature, water availability, and nutrient status influence photosynthesis 103 

efficiency in conifers. To distinguish the impact of needle age from other factors, we conducted 104 

experiments with four evergreen conifer species in common garden conditions.  105 

Changes in needle structure and function with age affect their physiological 106 

capabilities (Wang et al. 2022). For instance, older needles of Pinus sylvestris L. exhibited 107 

lower photosynthetic parameters compared to younger ones (Gielen et al. 2000), attributed to 108 

reduced stomatal conductance, nitrogen and chlorophyll concentrations, and glucose 109 

accumulation (Coyne and Bingham 1982; Oleksyn et al. 1997; Niinemets 2002; Wu et al. 110 

2021).  111 

While needle age influences photochemical processes during photosynthesis, research 112 

on this relationship is limited. Current-year needles in some conifers show lower 113 

photochemical efficiency (Fv/Fm) compared to one-year-old needles, likely due to transient 114 

photoinhibition from excessive light exposure (Jach and Ceulemans 2000). Changes in 115 

chlorophyll and carotenoid quantities affect light harvesting and photosynthesis in ageing 116 

needles (Adams and Demmig-Adams 1994; Oleksyn et al. 1997), though photoprotective 117 

mechanisms, including xanthophyll cycling, remain effective (Adams and Demmig-Adams 118 

1994; Verhoeven 2014). Older needles maintain notable photochemical efficiency, aiding 119 

photosynthesis and carbon absorption, especially in low-light environments (Robakowski and 120 

Bielinis 2017). 121 
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Understanding the long-term needle retention strategy of evergreen conifers is crucial 122 

for their adaptation to global climate change, particularly compared to deciduous broadleaf 123 

trees. Several studies have explored the effect of needle age on photosynthetic responses to 124 

anticipated increases in CO2 concentration (Bazzaz et al. 1993; Wang et al. 1995; Turnbull et 125 

al. 1998; Jach and Ceulemans 2000; Wang et al. 2022).  126 

In this study, we investigated needle structure and photochemistry across different age 127 

gradients in three evergreen tree species growing under the same habitat conditions. The silver 128 

fir (Abies alba Mill.), an evergreen conifer prevalent in the hilly areas of central, southern, and 129 

eastern Europe (Mauri et al. 2016), was a primary focus. This tree is distinguished by its straight 130 

stem and silver-grey trunk (Farjon 2010). Notably, the silver fir maintains the highest number 131 

of needle cohorts among European evergreen conifers, with up to 11-12 cohorts. It plays a 132 

crucial role in sustaining high biodiversity in forest ecosystems and acts as a functional and 133 

ecological stabilizer in European forests. However, the silver fir is particularly susceptible to 134 

threats such as fire, insects, fungi, and industrial pollution, especially sulfur dioxide (SO2) 135 

exposure during winter (Tinner et al. 2013). 136 

Taxus baccata L. is a gymnosperm tree native to western, central, and southern Europe, 137 

and it is evergreen and non-resinous. Its population extends sporadically to North Africa and 138 

the Middle East (Lewandowski et al. 1995; Rushforth 1999; Thomas and Polwart 2003). The 139 

yew tree is the most shade-tolerant among European tree species (Benham et al. 2016). A 140 

significant decline in Taxus baccata populations motivated us to include this species in our 141 

study. The decline has been attributed to various factors, including overexploitation by humans 142 

(Piovesan et al. 2009), predation by animals (Farris and Filigheddu 2008; Perrin et al. 2006), 143 

excessive shading (Iszkuło and Boratyński 2006; Dhar et al. 2008), and the combined effects 144 

of shading and low temperatures. 145 

Norway spruce (Picea abies L. Karst.) is a coniferous tree that can grow up to 60 meters 146 

tall with a trunk diameter of up to 150 cm. Among the major coniferous species in Europe, 147 

Norway spruce has a wide geographic distribution due to its extensive cultivation. It is affected 148 

by various natural disturbances, including fires, droughts, storms, and bark beetle infestations. 149 

During dry periods, Norway spruce cannot access deep soil water while maintaining 150 

transpiration from its 6-8 needle cohorts, which increases its sensitivity to drought (Horgan et 151 

al. 2003).  152 

Compared to earlier studies (Robakowski and Bielinis 2017), we focused on needle 153 

photochemistry. We extended our research by examining the relationships between needle age, 154 
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structure, and photochemistry in three evergreen conifer species growing in a common garden. 155 

Our study included trees with more needle age classes (4-8) than previous studies, which 156 

typically analyzed only 2-3 needle age classes, with the exception of Pinus heldreichii Christ. 157 

(8 age classes, Oleksyn et al. 1997), Pinus densiflora Sieb. et Zucc. (5 age classes, Han et al. 158 

2008), and Abies alba (7 age classes, Robakowski and Bielinis 2017). 159 

We tested the following hypotheses: (1) The leaf-mass-to-area ratio (LMA), which 160 

reflects leaf structure, would increase as the photosynthetic capacity, expressed as ETRmax, 161 

decreases in ageing and shaded needles. This is consistent with the global relationship between 162 

LMA and net CO2 assimilation rates, as well as previous studies on other evergreen conifers 163 

(Wright et al. 2004). (2) Needle photosynthetic performance would decline with increasing 164 

needle age and self-shading within the tree crown. This decline would be indicated by decreases 165 

in the maximum quantum yield of PSII photochemistry (Fv/Fm), the quantum yield of PSII 166 

efficiency (ΦPSII), and the maximal electron transport rate (ETRmax). Additionally, there would 167 

be higher energy losses as heat, reflected by an increase in non-photochemical quenching of 168 

fluorescence (NPQ) with increasing needle age. (3) Total chlorophyll content would increase, 169 

and total carotenoid content would decrease with needle age. This change reflects the functional 170 

adaptation of the balance of photosynthetic pigments to the light environment within the tree 171 

crown and the senescence processes in needles. 172 

Additionally, due to the self-shading of needles, the Chla/Chlb ratio would decrease with 173 

increasing needle age, thereby enhancing the light capture capacity of older and shaded needles 174 

(Matsubara et al. 2012; Simkin et al. 2022). These photosynthetic and structural changes in 175 

ageing needles would be consistent across different species, reflecting the life strategy of 176 

evergreen conifers to maintain their ageing needles and mitigate various stressors.  177 

 178 

Material and Methods 179 

Study site 180 

The experiment was conducted in the Dendrological Garden (latitude 52° 25’ 37” North, 181 

longitude 16° 53’ 48” West, altitude from 70 to 80 m a.s.l), Poznan University of Life Sciences. 182 

The soil was sandy, with slightly loamy sand and mid-loamy sand being the predominant soil 183 

types in the Garden. The humus layer, which had a pH of 4.5, was made up of decomposing 184 

grass roots and leaves of broadleaf and conifer trees. The soil was classed as anthropogenic 185 
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rusty soil. The climatic conditions at the site were characterized by mean rainfall of 536 mm, 186 

minimum temperature of –28.0°C, and maximum temperature of +38.2°C (Danielewicz 2010). 187 

Material 188 

Twelve trees (four trees of A. alba, T. baccata and P. abies each) were chosen at the 189 

Dendrological Garden of Poznan University of Life Sciences. The study trees were growing 190 

with 80% canopy openness under a low shade of other trees. The study trees for each species 191 

were growing near each other and had the same size, age, and number of needle age classes. 192 

The chosen trees for each species have a long crown (4/5 of a tree’s height). A. alba and P. 193 

abies had eight while T. baccata had four needle age classes. The lower part of the crowns 194 

consisted of needles from every age class. For the needle samples, three shoots were 195 

chosen from neighbouring whorls in the lowest section of the tree’s south-facing crown. The 196 

shoots with the maximum number of needle age classes in the lower part of the crown were 197 

selected for sampling of needles. To collect the needle samples for chemical analyses and 198 

chlorophyll a fluorescence measurements, the centre of each annual shoot increment from the 199 

1- to 8-year-old shoot increment was chosen. 200 

Measurements of light in tree crown 201 

The measurements of photosynthetic photon flux (PPF) were carried out in July (during 202 

summer) and in November (during autumn) using two quantum meters (Spectrum 203 

Technologies, Inc., Plainfield, USA). The relative photosynthetic photon flux was measured 204 

concurrently over a central section of each shoot increment and at an adjacent peripheral area. 205 

The following formula was used to derive the relative values: (PPF above shoot increment/PPF 206 

in the open) x 100 and the mean rPPF values (rPPF – relative photosynthetic photon flux) were 207 

derived from three measurements per tree and needle age class and presented in per cent for 208 

each needle age class. 209 

Needle structure 210 

A minimum of 10 needles were selected at a central section of each annual increment 211 

representing each age class from the three shoots per tree within 25 days (July – August). While 212 

the temperature in the laboratory was around 230C, the mean temperature during the needle 213 

sample collection was approximately 220C. Needles were plucked carefully off a twig and 214 

inserted into Eppendorf’s tubes with a piece of moist filter paper. Next, using a calibrated 215 

scanner (Epson Perfection Corp., Seiko, Indonesia), the projected area of the needles was 216 

measured with WinSeedle (Regent Inc., Canada). After that, the needles were weighed (fresh 217 

weight) and dried at 650C for a week. Leaf mass-to-area ratio (LMA) was derived by dividing 218 
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needle dry mass per needle area. Three needles from each increment were used to measure 219 

chlorophyll a fluorescence. Additionally, 40–50 mg fresh mass (FM needles) were enclosed 220 

into Eppendorf's tubes and placed in a flask containing ice for the spectrophotometric analyses 221 

of chlorophyll a and b and total carotenoid concentration. The samples for pigment analyses 222 

were transported using a volume with ice to the Plant Physiology Laboratory on the same day 223 

chlorophyll a fluorescence was carried out.  224 

Measurements of chlorophyll a fluorescence 225 

The chlorophyll a fluorescence in needles was measured using an online Fluorescence 226 

Monitoring System (FMS 2, Hansatech, Norfolk, U.K.). Before measurements, the needles 227 

were allowed to cool to ambient temperature and adapt to darkness for 30 minutes. The needles 228 

were placed within a clip and secured with transparent, self-adhesive tape. Needles were placed 229 

on the tape, filling the whole clip’s aperture. The needles were subjected to 0.05 μmol m-2s-1 230 

modulated measuring light after the fibre optics were inserted into the leaf clip and sealed in a 231 

container that could not let light in. To achieve maximum fluorescence (Fm), a saturating 0.7s 232 

pulse of light (PPF = 15.3 mmol m-2s-1) was used after the minimal fluorescence (F0) had been 233 

measured. Using the formula maximum quantum yield = Fv /Fm, where Fv is the variable 234 

fluorescence (Fv = Fm - F0), the maximum quantum yield of PS II photochemistry was 235 

calculated. 236 

The needles in the clip were lit with actinic light from an integrated halogen lamp to 237 

create light response curves of PSII quantum yield (ΦPSII). After each exposure, a 0.7-second 238 

saturation light pulse was applied and the maximum light-adapted fluorescence (F′m) was 239 

recorded; this process was repeated up to ten levels of actinic light from 0 to 1415 μmol m-2 s-
240 

1. The goal was to achieve a stable steady-state fluorescence (Fs) at each actinic light level 241 

before the saturation pulse was applied. The quantum yield of PSII was approximated as ΦPSII 242 

= (F′m– Fs)/F′m (Genty et al. 1989). At each actinic light availability, NPQ was computed 243 

according to the formula: NPQ = (Fm – F′m)/F′m (Maxwell and Johnson 2000). Non-244 

photochemical quenching of fluorescence increases infinitely with actinic light. Therefore to 245 

compare the values of NPQ among the needle age classes and species, we used the NPQ values 246 

at the level of actinic light of 345 μmol m-2 s-1. 247 

The apparent rates of photosynthetic electron transport (ETR) were calculated using the 248 

formula ETR = α×0.5 ΦPSII×PPF for each irradiance with actinic light (Maxwell and Johnson 249 

2000; Lüttge et al. 2003).  The excitation energy is split equally between the two photosystems 250 

(hence the factor 0.5) (Maxwell and Johnson 2000). However, as needle age grows and self-251 
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shadowing occurs at the tree crown, leaf absorptance (α) may differ along the needle age 252 

gradient. Therefore, in our study, leaf absorptance for each needle age class was analysed using 253 

the empirical model (Evans 1993), which is based on the total chlorophyll content of the leaf. 254 

Light curves of fluorescence were generated for each study species, tree, shoot and needle age 255 

class. In total, 240 light curves of fluorescence were generated; for A. alba and P. abies two 256 

species x 4 trees x 3 shoots x 8 needle age classes = 192; for T. baccata four trees x 3 shoots x 257 

4 needle age classes =  48 light curves. 258 

Modelling of light curves 259 

 To determine the relationship between ETR and PPF, the equation was fitted to the data 260 

through the nonlinear regression (Ye et al. 2013): 261 𝐸𝑇𝑅 = 𝛼 1 −  𝛽 𝑃𝑃𝐹1 +  𝛾 𝑃𝑃𝐹 𝑃𝑃𝐹,        262 

where α is the initial slope, γ is the saturation term of the light response curve for the 263 

photosynthetic electron transport rate (ETR- PPF), and β is the degree of dynamic down-264 

regulation of PSII, PPF is photosynthetic photon flux of actinic light.   265 

 To determine the cardinal points of the light curves of the ΦPSII and ETR, Ye et al. 266 

(2013) models were utilised to compare light responses among the species and the needle age 267 

classes. The quantum yield of PSII photochemistry at saturating PPF (ΦPPFsat) (1), the 268 

saturating value of photosynthetic photon flux at which ETR = ETRmax (PPFsat) (2), and the 269 

maximum apparent rate of photosynthetic electron transport of PSII (ETRmax) (3) were also 270 

estimated using the Ye et al. (2013) models. 271 

PPFsat = 0.5×𝛼 × 1−𝛽×𝑃𝑃𝐹sat1+𝛾×𝑃𝑃𝐹sat         (1) 272 

Here, the value of 0.5 comes from the assumption that the excitation energy is equally divided 273 

between the two photosystems, α represents the value of leaf absorptance. 274 

 𝑃𝑃𝐹sat = √(+)/−1𝛾                       (2) 275 

𝐸𝑇𝑅max =  𝛼 (√𝛽 + 𝛾 −√𝛽𝛾  )2
           (3) 276 

The model was fitted to the empirical data and the values of cardinal points of light curves 277 

were calculated using the Photosynthesis Model Simulation Software at 278 

http://photosynthetic.sinaapp.com/index.html.  279 

 280 

Spectral analysis of photosynthetic pigments 281 
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Spectrophotometric analyses were performed on 240 needle samples to determine the 282 

levels of total carotenoids, total chlorophyll, chlorophyll a, and chlorophyll b. These 283 

assessments were carried out concurrently with measurements of chlorophyll a fluorescence on 284 

the same days.  Photosynthetic pigments were estimated using the Hiscox and Israelstam 285 

method (1979). Needles (40 – 50 mg fresh mass (FM) from each needle age class (increment) 286 

along a branch were collected and taken to the laboratory. Needles were cut into 2 mm pieces, 287 

treated with 5 mL dimethylsulfoxide (DMSO) and incubated for 60 min in a water bath at 65 288 

°C. The absorbance of extracts was measured at 663, 645, and 480 nm. If absorbance values 289 

were higher than 0.7, the extract was diluted accordingly. The pigment content was calculated 290 

using modified Arnon formulas (Welburn 1994) and expressed in milligrams per gram of fresh 291 

weight. Physiological parameters were measured spectrophotometrically (Jasco V-530 UV-292 

VIS). The pigments were recalculated per needle dry mass and needle area using fresh to dry 293 

mass ratio and LMA. 294 

Statistical analyses 295 

The linear or polynomial regression was applied to show the relationships between the 296 

needle age classes, the values of rPPF, photochemical parameters and photosynthetic pigment 297 

contents. The regression models were fitted to the mean values for each species and needle age 298 

class in SigmaPlot v. 13.0 (Sysstat Software, Inc.). Prior to the analyses of variance, the mean 299 

values of each parameter per tree and needle age class were calculated (n = 4, n – number of 300 

trees per species). Data were tested for normality and homogeneity using Shapiro-Wilk and 301 

Levene’s tests. Data which did not fulfill the ANOVA conditions were log-transformed. The 302 

mixed model of analysis of variance with the “species” and “needle age class” as the fixed 303 

factors and the “tree” as the random factor was conducted at P < 0.05 in R (R Core Team 2024). 304 

The applied mixed model of ANOVA was as follows: 𝑌𝑖𝑗𝑘 = 𝜇 + 𝛼𝑖 + 𝛽𝑗 + 𝛾𝑘 + 𝜖𝑖𝑗𝑘 , where: 305 𝑌𝑖𝑗𝑘 – the response variable for the ith level of the first fixed factor, the jth level of the second 306 

fixed factor, and the kth observation within the (i, j) combination; μ –  the overall mean; αi – 307 

the effect of the ith level of the first fixed factor; j – the effect of the jth level of the second 308 

fixed factor; k – the random effect associated with the kth observation; ϵijk – the random error 309 

term associated with the (i, j, k) observation, assumed to be independent and normally 310 

distributed with mean 0 and constant variance 2. The package lme4 was used for the mixed 311 

ANOVA (Bates et al. 2015), and the packages lmerTest and emmeans for post-hoc comparisons 312 

with Tukey’s method at α = 0.05 (Kuznetsova et al., 2017; Lenth 2024).  313 



11 

 

The needle age class and tree were used as independent variables in a two-way analysis 314 

of variance (ANOVA) with the interaction. The interaction between the needle age class (fixed 315 

factor) and tree (random factor) was used as an error term in one-way ANOVA with the needle 316 

age class as the categorical variable (P < 0.05). Then, the means were separated by Tukey’s test 317 

at α < 0.05.  318 

Results 319 

Light levels above shoots and needle structure 320 

The relative values of photosynthetic photon flux (rPPF) decreased linearly from the 321 

youngest shoot increment horizontally within the crowns of A. alba, T. baccata, and P. abies 322 

(Fig. 1a). However, the decrease in light levels was more rapid for A. alba and T. baccata, 323 

showing lower negative slope values in linear regression compared to P. abies. The light level 324 

above the annual shoot increments decreased from the crown periphery (youngest needles) to 325 

the trunk (oldest needles), regardless of species. However, rPPF values depended on the overall 326 

light environment and the species-specific and individual tree crown structure. Aabies alba 327 

exhibited higher LMA compared to both P. abies and T. baccata, with no significant differences 328 

observed between the latter two. The correlation between mean LMA values and needle age 329 

shows an exponential increase to the maximum in A. alba and P. abies, but this pattern was not 330 

significant for T. baccata (Fig. 1b). 331 

Impact of needle age on photochemistry   332 

The maximum quantum yield of PSII photochemistry (Fv/Fm) decreased linearly with 333 

needle age (Table 1, Fig. 2a). This trend was significant for Taxus and Picea, but not for Abies, 334 

indicating significant interspecific differences in the Fv/Fm decrease with needle age (Table S1). 335 

Despite this decline, the mean values of Fv/Fm remained above 0.80 across all species and 336 

needle ages, indicating a lack of photoinhibition even in the oldest needles. Similarly, for 337 

ETRmax, a significant decreasing linear relationship was observed with needle age across the 338 

species. A. alba consistently exhibited higher ETRmax values than both Taxus and Picea at each 339 

needle age class (Tables 1, S1, Fig. 2b). 340 

It was observed that the values of NPQ increased linearly with needle age, except for T. 341 

baccata, which did not show a significant trend, likely due to the lower number of needle 342 

cohorts compared to the other study species (Fig. 2c). A. alba and P. abies exhibited higher 343 

NPQ values than T. baccata (Table S1, Fig. 2c). 344 
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There wasn't a significant relationship between the mean values of the quantum yield of 345 

PSII photochemistry at the saturation level of actinic light (ΦPFFsat) and increasing needle age 346 

within the study species (Table 1, Fig. 3a). However, A. alba consistently exhibited the highest 347 

ΦPFFsat among the species regardless of needle age class, except for the oldest needles (Table 348 

S1, Fig. 3a). In contrast, there were significant linear (P. abies) or parabolic (A. alba, T. 349 

baccata) decreasing trends for the saturation level of PPF (PPFsat) without differences among 350 

the species and needle age classes (Tables 1 and S1, Fig. 3b). This indicates that aging needles 351 

progressively adapted to increasing self-shading from the crown periphery to the trunk. 352 

Photosyntetic pigment content in ageing needles 353 

Significant differences were observed in the amount of photosynthetic pigments in 354 

needles among the study species (Table S2). Total chlorophyll concentration (mg g-1) was not 355 

significantly related to needle age classes for A. alba and P. abies. However, a downward 356 

parabolic relationship was evident for T. baccata (Fig. 4a). Regarding total carotenoid 357 

concentration (mg g-1), no significant differences were observed in the species' relationship with 358 

needle age. However, T. baccata and P. abies exhibited higher values than A. alba in each 359 

needle age class (Table S2, Fig. 5a). We observed a significant relationship in total carotenoids 360 

content (g m-2) for A. alba, while no significant relationship was found for T. baccata and P. 361 

abies. A decreasing trend with age was observed in T. baccata, while a non-significant trend 362 

was observed in A. alba and P. abies for the ratio of total carotenoids content to total chlorophyll 363 

content (Fig. 5c). Concerning chlorophyll content, we noted noticeable changes as needle age 364 

increased. As the needles aged, the overall chlorophyll content (i.e., chlorophyll a and b) tended 365 

to increase and then subsequently decrease, while the ratio of Chla/Chlb decreased linearly with 366 

increasing age regardless of the species (Table S2, Fig. 6). 367 

Discussion 368 

Influence of needle age and light levels on needle structure 369 

The evergreen coniferous tree species in our study - A. alba, P. abies, and T. baccata - 370 

represent the slow-return end of the leaf economics spectrum. These species have long leaf 371 

lifetimes, costly high-LMA leaf construction, low nutrient concentrations, and low rates of 372 

photosynthesis and respiration (Wright et al. 2004). Our study provides evidence that their 373 

needle structure and photosynthetic patterns change with needle age, following the decreasing 374 

horizontal light trend within the crown.  375 
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When we compared the variability of LMA among different needle cohorts, it partly 376 

aligned with the concept of needle acclimation to varying light conditions (Ishii et al. 2006). 377 

However, in our study, the relationship between LMA and the combined impact of age and 378 

light level was non-linear. We observed a rapid increase in this ratio in young needles, 379 

stabilization at the needle maturation stage, and in the case of T. baccata and P. abies, even a 380 

remarkable decrease of LMA in the oldest needles. These findings suggest that needles 381 

transition from fast resource acquisition to resource conservation during development, 382 

illustrating the 'fast-slow' plant economics spectrum within individual evergreen trees (Reich 383 

2014). During expansion, young needles generally have a lower construction cost with 384 

increasing needle area due to volumetric increases in cell size rather than the addition of 385 

significant amounts of cell wall materials. Conversely, during leaf maturation, the apoplastic 386 

volume fraction increases relative to the symplastic volume fraction due to the deposition of 387 

secondary cell wall materials, including the lignification of vascular tissues. This 388 

phenomenon, observed across leaf age groups of Photinia X fraseri "Red Robin," aligns with 389 

the LMA trends in our study species (Jiao et al. 2022). 390 

The structural changes that occur in needles with age are directly reflected in LMA. 391 

Generally, LMA tends to increase with needle age up to the fourth needle age class, indicating 392 

that older needles may possess a denser or thicker composition than younger ones, as 393 

demonstrated in previous studies (Niinemets et al. 2004; Huo and Wang 2007; Han et al. 394 

2008; Wu et al. 2022). Although the observed changes in LMA were consistent across all our 395 

study species, their dynamics depended on the species-related crown structure and in-crown 396 

light conditions (Table S1). 397 

Photochemistry 398 

In our study, the values of Fv/Fm varied within a narrow range depending on the species 399 

and needle age class. This suggests that the high plasticity of needles in response to their 400 

increasing age and self-shading is reflected in their ability to maintain Fv/Fm above the 401 

photoinhibitory threshold across needle age classes. The maximum quantum yield of PSII 402 

photochemistry showed a decreasing linear trend in P. abies and T. baccata with needle age 403 

and differed among needle age classes within the species, except for A. alba. This indicates that 404 

the combined effect of needle age and light on Fv/Fm is species-specific (Table S1, Fig. 2a). 405 

Similar changes in Fv/Fm have also been observed in Pinus pumila (Amagai et al. 2015), further 406 

supporting our findings. 407 



14 

 

The values of ETRmax in A. alba, T. baccata, and P. abies declined linearly with 408 

increasing needle age, and ΦPPFsat did not significantly vary among the needle cohorts (Fig. 3). 409 

The decrease observed in ETRmax with needle age was not due to photoinhibition but was 410 

associated with a significant decrease in PPFsat, slight PSII downregulation, and increasing 411 

NPQ. Our results showed that even old needles sustained the ability of PSII to convert light 412 

energy. This is consistent with previous reports for evergreen species such as Pinus heldrechii, 413 

Pinus sylvestris, Pinus pinaster Aiton, Ilex aquifolium L., and Quercus ilex L. (Oleksyn et al. 414 

1997; Niinemets and Valladares 2006; Warren 2006). Earlier studies indicated that as needles 415 

aged, there was a predictable and continuous decrease in net CO2 assimilation rates, stomatal 416 

conductance, transpiration rates, and glucose accumulation (Oleksyn et al. 1997; Robakowski 417 

and Bielinis 2017). Our results provide evidence that the decreasing carbon sink in ageing 418 

needles might give negative feedback, reducing ETR and enhancing NPQ in ageing needles. 419 

The saturation photosynthetic photon flux level (PPFsat) decreased with needle age, 420 

indicating an adaptation to the self-shading of branches in the tree crown (Fig. 3). This suggests 421 

that as needles aged, they required lower values of PPF to achieve ETRmax. This finding aligns 422 

with Wyka et al. (2008), who reported that older T. baccata needles were less susceptible to 423 

photoinhibition and had lower ETR than needles from the current year. This phenomenon 424 

underscores the ability of evergreen conifers to adapt to varying light levels and optimize 425 

photosynthetic capacity by retaining numerous cohorts of needles in response to external 426 

conditions. 427 

Needle pigments 428 

In our study, differences in pigment concentration among species and needle age 429 

classes depended on needle structure, which was reflected in leaf mass per area (LMA). When 430 

total chlorophyll was recalculated per needle dry mass, it revealed an upward parabolic-like 431 

trend as the needles aged, whereas recalculating per needle area showed a downward 432 

parabolic trend (Fig. 4). The variations in total chlorophyll levels across the three study 433 

species could indicate distinct responses modified by species-specific crown structure and 434 

needle age. The observed decrease and subsequent increase in Chltot per unit dry mass for all 435 

tree species align with physiological and anatomical changes in needles driven by varying 436 

light levels associated with increasing needle age (Fig. 4) (Han et al. 2008; Kuusk et al. 2018). 437 

We observed a downward parabolic trend in Chla and Chlb content versus needle age 438 

for A. alba, T. baccata, and P. abies, along with a negative linear trend in the ratio of 439 

Chla/Chlb (Fig. 6). However, the coefficient “b” in the parabolic equations for Chla was three 440 

times higher than for Chlb, indicating that Chlb varied less with needle age compared to Chla. 441 
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Our results are consistent with Evans (1995), who found that a declining Chla/Chlb ratio 442 

resulted from greater investment in the Light-Harvesting Complex (LHC), possibly associated 443 

with alterations in the plant's photosynthetic mechanism, particularly in terms of light 444 

absorption and energy transfer efficiency (Simkin et al. 2022). As needles age, they become 445 

increasingly shaded by shoots in the crown and adapt to capture more dispersed light. 446 

Chlorophyll a and b differ in their wavelength of light absorption maxima, hence the 447 

decreasing ratio of Chla/Chlb increases the ability of senescent needles to capture more blue 448 

and yellow light, whereas Chla absorbs more violet and orange light (Simkin et al. 2022). The 449 

Chla/Chlb ratio informs about the plant's efficiency in utilizing different wavelengths of light 450 

and in electron transfer efficiency (Kang et al. 2022). Chlorophyll b tends to absorb scattered 451 

solar radiation complementary to Chla, thereby increasing the absorption capacity of old and 452 

shaded needles exposed to more diffuse solar radiation in the tree crown compared to younger 453 

needles exposed to light with a greater proportion of direct radiation. The ratio of Chla/Chlb 454 

influences the light-capturing effectiveness of a plant. It appears that the balance between 455 

photosynthetic pigments, specifically Chla/Chlb and Car/Chltot ratios during needle ageing and 456 

structural development, was influenced by varying proportions of direct and diffuse sunlight 457 

illuminating needles, a factor considered a driver of plant evolution (Kume et al., 2018). 458 

Total carotenoid levels in A. alba, T. baccata, and P. abies increased during the early 459 

phases of needle growth and then decreased with age following changes in Chltot (Fig. 5). This 460 

decline may be linked to increasing self-shading within the crown and age-related changes in 461 

the physiological processes of the needles. In our study, T. baccata had the smallest number 462 

of needle age classes, and individuals of this species grew predominantly in low shade, which 463 

might result in a lower number of needle cohorts. Generally, young needles had higher total 464 

carotenoid concentrations compared with older needles, which can be explained by their 465 

photoprotective role in needles exposed to higher light levels than older needles (Adams et al. 466 

2004; Demmig-Adams and Adams 2006). The ratio of Car/Chltot remained stable in A. alba 467 

or decreased with needle age in T. baccata and P. abies, confirming the adaptation of needles 468 

to the light environment in the crown. 469 

Evolutionary significance of needle adaptations in response to global climate change 470 

Evergreen conifers, including our study species A. alba, T. baccata, and P. Abies, have 471 

developed various survival mechanisms to endure adverse climatic conditions such as drought, 472 

cold temperatures, and nutrient scarcity, ensuring continuous photosynthesis throughout the 473 
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year (Wyka and Oleksyn 2014; Liu et al. 2024; Verhoeven and Kornkven 2024). Our research 474 

reveals that ageing needles maintain high PSII efficiency, dynamically adjust the Chla/Chlb ratio 475 

and Car/Chltot ratio to effectively capture light in changing light environments, and manage 476 

their energetic budget to compromise photosynthetic capacity with varying light conditions and 477 

energy partitioning among different photosynthetic processes and losses. 478 

Oleksyn et al. (2020) demonstrated that across a 1000 km transect in Scots pine forests 479 

in Sweden, plants in modern conditions (circa 2015), growing in 1°C warmer climates, have 480 

longer needles and shorter needle lifespans compared to plants a century ago (circa 1915). This 481 

century-scale change in needle lifespan suggests that adaptation of evergreen conifers to climate 482 

warming may involve shortening needle lifespan. Evergreen plants in high latitudes, where low 483 

temperatures limit photosynthesis, can maintain high rates of NPQ (Verhoeven 2014). Under 484 

normal conditions, NPQ raises leaf temperature by less than 0.1°C, but it can increase to 1°C 485 

under specific conditions (Murakami et al. 2024). However, the potential positive effects of 486 

temperature increase due to NPQ on photosynthesis or other physiological processes in 487 

evergreen conifers have not been demonstrated. This knowledge gap underscores potential 488 

future research directions. Our findings indicate that heat loss as NPQ increases with needle 489 

age in A. alba and P. abies. Thus, in evergreen conifers, shading and low temperatures induce 490 

a potential energy imbalance by downregulating biochemical reactions of the Calvin-Benson 491 

cycle in old needles, which cannot be compensated by an increase in temperature due to heat 492 

dissipation. Retention of old needles with high NPQ may become photosynthetically inefficient 493 

under rising air temperatures. A smaller number of cohorts of young, long needles with higher 494 

ETRmax and lower NPQ values may be better adapted to climate warming, aligning with Oleksyn 495 

et al. (2020). 496 

Our findings, along with those of Oleksyn et al. (2020), suggest that under conditions 497 

where air temperature is less limiting for photosynthesis due to climate warming, evergreen 498 

coniferous trees might sustain or even increase photosynthetic intensity by shortening needle 499 

lifespan. Our results suggest that this adjustment would reduce energy losses as heat and 500 

enhance the overall energy balance in tree photosynthesis. We also observe interspecific 501 

differences in needle retention ability. Additionally, the age and light-related gradients of 502 

structural and functional patterns of needles vary among species, highlighting the importance 503 

of considering these factors when predicting the responses of evergreen conifers to global 504 

climate changes. 505 

Supplementary Information 506 
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Table S1. The results of the mixed analysis of variance with the photochemical parameters as 507 

dependent variables, the species and needle age class (cohort) as the fixed factors and the tree 508 

as the random factor (P < 0.05).  509 

Table S2. The results of the mixed analysis of variance with LMA – leaf mass-to-area ratio (g 510 

m-2), total chlorophyll concentration (mg g-1), total chlorophyll content (g m-2), chlorophyll a, 511 

b (mg g-1; g m-2), chlorophyll a/b ratio, total carotenoids (mg g-1; g m-2) and total carotenoids / 512 

chlorophyll ratio as dependent variables, the species and needle age class (cohort) as the fixed 513 

factors and the tree as the random factor (P < 0.05). 514 
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Table 1 The photochemical parameters determined along the needle age gradient in crowns of 717 

Abies alba, Taxus baccata and Picea abies (means±SE, n = 12). The values of Snedecor’s 718 

function (F) and probability were obtained in one-way ANOVA (independent variable - age of 719 

needles). At the significance threshold of α = 0.05, the distinct letters in Tukey's a posteriori 720 

test represent statistically significant differences between the mean values obtained for needles' 721 

various age groups. PPFsat - Quantum yield of PS II photochemistry at the saturation level; 722 

PPFsat - Quantum yield of PS II photochemistry at the saturation level of PPF; ETRmax - 723 

Maximal apparent electron transport rate; Fv/Fm - The maximum quantum yield of PS II 724 

photochemistry in A. alba, T. baccata, and P. abies needles; NAC – needle age class 725 

 726 

Table 2 Photosynthetic pigments content along the needle age gradient in crowns of Abies 727 

alba, Taxus baccata and Picea abies (mean±SE, n = 12). The values of Snedecor’s function (F) 728 

together with probability were obtained in one-way ANOVA (independent variable - age of 729 

needles). At the significance threshold of α = 0.05, the distinct letters in Tukey's a posteriori 730 

test represent statistically significant differences between the mean values obtained for needles' 731 

various age groups.  Chltot (mg g-1) - total chlorophyll concentration (mg g-1); Chltot (g m-2) - 732 

total needle chlorophyll content (g m-2); Chla/ Chlb - chlorophyll a concentration to chlorophyll 733 

b concentration ratio; Car/Chltot - total carotenoids to total chlorophyll ratio; NAC – needle age 734 

class 735 

 736 
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Fig. 1 The linear relationship between the mean relative photosynthetic photon flux (rPPF) 737 

values and needle age classes (mean ± SE, n = 12, n – number of measurements per species, 738 

tree and needle age class) (a); The relationship between the leaf mass-to-area ratio (LMA) vs. 739 

needle age classes of A. alba, T. baccata, and P. abies needles (mean ± SE, n = 12, n - number 740 

of samples per species, tree and needle age class) (b). In each plot, the regression equations (y) 741 

and coefficients of determination (R2) with the values of probability (P) are shown for each 742 

species 743 

 744 

Fig. 2 The relationship between the mean values of maximum quantum yield of PS II 745 

photochemistry (Fv/Fm) and needle age class (a); The needles’ age dependence of maximal 746 

apparent electron transport rate (ETRmax) (b); Non-photochemiqal quenching of fluorescence 747 

(NPQ) at the actinic light level of 345 μmol m-2 s-1 in A. alba, T. baccata, and P. abies needles 748 

(mean ± SE, n = 12) (c). In each plot, the regression equations (y) and coefficients of 749 

determination (R2) with the probability values (P) are shown 750 

 751 

Fig. 3 Needles’ age dependence of quantum yield of PSII photochemistry at the saturation level 752 

of actinic light (PFFsat) (a).  The saturation level of photosynthetic photon flux (PPFsat) in A. 753 

alba, T. baccata, and P. abies needles vs. needle age classes (mean ± SE, n = 12) (b). In each 754 

figure, the regression equation (y) and coefficient of determination (R2) with the probability 755 

values (P) are shown 756 

 757 

Fig. 4 Total chlorophyll concentration (Chltot, mg g-1) (a); Total chlorophyll content Chltot (g 758 

m-2) (b) in A. alba, T. baccata, and P. abies needles vs. the needle age classes (mean ± SE, n = 759 

12). In each plot, the regression equation (y) and coefficient of determination (R2) with the 760 

values of probability (P) are shown 761 

 762 

Fig. 5 Total carotenoids concentration (mg g-1) (a); Total carotenoids content (gm-2) (b);  the 763 

ratio of carotenoids (mg g-1) and total chlorophyll (c) in A. alba, T. baccata, and P. abies needles 764 

vs. age classes of the needles (mean ± SE, n = 12). In each figure, the regression equation (y) 765 

and coefficient of determination (R2) with the probability (P) are shown.  766 

 767 

Fig. 6 Chlorophyll content and the ratio of chlorophyll a and b in A. alba (a), T. baccata (b), 768 

and P. abies (c) needles vs. age classes of the needles (mean ± SE, n = 12). In each figure, the 769 

regression equation (y) and coefficient of determination (R2) with the probability are shown.  770 
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Table 1 771 

Species                  NAC Fv/Fm ETRmax PPFsat     PPFsat              

Abies alba 

1 0.872±0.005 89.44±7.91abc 0.247±0.016 819.57±56.32ab 
2 0.877±0.003 110.88±8.62a 0.257±0.019 955.22±70.64a 
3 0.878±0.002 100.23±5.19ab 0.256±0.012 851.79±31.47ab 
4 0.875±0.004 93.16±5.43abc 0.252±0.007 793.14±39.56ab 
5 0.879±0.003 87.76±5.36abc 0.239±0.013 783.28±39.92ab 
6 0.869±0.006 75.72±4.79bc 0.206±0.017 778.64±43.73ab 
7 0.868±0.008 67.29±6.08bc 0.247±0.013 601.98±48.35b 
8 0.873±0.009 58.06±5.73c 0.206±0.024 683.56±86.99ab 
F, P 0.92 5.60*** 2.19 2.92** 

Taxus 

baccata 

1 0.857±0.006a 79.52±6.80a 0.193±0.020 964.16±139.77a 
2 0.854±0.005ab 77.14±6.40ab 0.184±0.013 898.32±93.05a 
3 0.844±0.004ab 68.43±7.32ab 0.175±0.011 801.51±72.88ab 
4 0.834±0.008b 53.66±6.05b 0.187±0.010 641.20±80.19b 

F, P 2.98** 9.14** 0.54 8.04** 

Picea abies  

1 0.860±0.005a 78.62±3.60a 0.16±0.01 1046.61±55.77 
2 0.848±0.007ab 80.18±5.61a 0.18±0.02 984.79±100.87 
3 0.840±0.006abc 71.75±5.12ab 0.18±0.01 853.11±61.25 
4 0.838±0.007abc      71.50±4.50ab 0.16±0.01      1256.5±395.34 
5 0.840±0.008abc 64.01±4.89abc 0.18±0.01 751.57±65.21 
6 0.824±0.008bc 56.43±2.94bcd 0.16±0.01 798.83±69.24 
7 0.825±0.008bc 48.68±3.82cd 0.17±0.01 655.88±69.98 
8 0.815±0.010c 43.95±3.90d 0.17±0.01 560.28±61.19 
F, P 7.49*** 15.12*** 0.55 1.38 
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Table 2 788 

Species                 NAC 
Chltot  
(mg g-1)    

Chltot  
(g m-2) 

Car              

(mg g-1)              
Car 

(g m-2) 
Chla/Chlb Car/Chltot 

Abies alba 

1 3.12±0.37 0.94±0.14c 0.114±0.005c 0.0101±0.001b 3.49±0.16ab 0.010±0.001 
2 3.19±0.12 1.23±0.22bc 0.134±0.005abc 0.0123±0.001ab 3.86±0.31a 0.012±0.001 
3 3.30±0.12       1.62±0.31ab 0.135±0.009abc 0.0126±0.001ab 3.36±0.12bc 0.013±0.001 
4 2.75±0.19      1.88±0.42a          0.154±0.011ab 0.0162±0.002a 3.29±0.16bc 0.016±0.002 
5 3.42±0.53 1.80±0.21a 0.156±0.009a 0.0168±0.002a 3.14±0.12bc 0.017±0.002 
6 3.01±0.32       1.80±0.18a 0.155±0.006a 0.0138±0.001ab 2.99±0.097c 0.014±0.001 
7 3.34±0.30 1.65±0.22ab 0.142±0.005ab 0.0125±0.001ab 3.06±0.25bc 0.013±0.001 
8 3.15±0.16       1.46±0.27abc 0.129±0.011bc 0.0128±0.001ab 2.92±0.16c 0.013±0.001 
F, P 0.56 7.39** 8.16*** 2.90** 8.98*** 1.25 

Taxus baccata 

1 3.23±0.36 1.29±0.23 0.224±0.022 0.023±0.004 3.67±0.07 0.082±0.013 
2 2.62±0.26 2.25±0.40 0.216±0.027 0.027±0.004 3.42±0.22 0.071±0.009 
3 2.68±0.19 2.07±0.46 0.202±0.027 0.026±0.004 3.56±0.32 0.068±0.010 
4 3.56±0.86        1.64±0.36 0.184±0.019 0.020±0.004 3.34±0.25 0.051±0.008 
F, P 0.91 3.37                   2.10 0.61 1.03 0.87 

Picea abies 

1 3.61±0.15 0.78±0.16b 0.104±0.005c 0.016±0.002c 3.73±0.10a              0.047±0.007b 
2 2.72±0.35 1.76±0.4a 0.158±0.001a 0.032±0.002a 3.63±0.11ab            0.087±0.008a 
3 2.95±0.06 1.48±0.25ab 0.156±0.010a 0.023±0.002abc 3.24±0.03abc          0.064±0.009ab 
4 2.67±0.33 1.97±0.42a 0.152±0.014a 0.026±0.002ab 3.21±0.03abc           0.059±0.006b 
5 2.77±0.21 1.7±0.28ab 0.150±0.014ab 0.026±0.002ab 3.11±0.08bc            0.069±0.008ab 
6 2.67±0.48 1.60±0.36ab 0.142±0.010ab 0.022±0.002bc 3.18±0.25abc          0.063±0.007b 
7 2.81±0.35 1.44±0.25ab         0.126±0.009bc 0.021±0.002bc 3.06±0.05c              0.054±0.007b 
8 2.77±0.28 1.20±0.3ab 0.108±0.006c 0.021±0.002bc 2.82±0.16c              0.051±0.007b 
F, P 1.35 3.49*                  16.20***                4.82*** 6.62*** 6.17*** 
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Fig. 1 sigmaplot v.13.0 795 
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