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Abstract

:

Temporal changes in plant tissue non-structural carbohydrates (NSC) may be sensitive to climate changes that alter forest phenology. We examined how temporal fluctuations in tissue NSC concentrations of Populus grandidentata and Quercus rubra relate to net and gross primary production (NPP, GPP) and their climatic drivers in a deciduous forest of Michigan, USA. Tissue NSC concentrations were coupled with NPP and GPP phenologies, declining from dormancy until GPP initiation and then increasing following NPP cessation. Warmer autumns extended the temporal gap between NPP and GPP cessation, prolonging the period of NSC accumulation. These results suggest that tissue NSC concentrations may increase with climate change.
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1. Introduction


Plant non-structural carbohydrates (NSC), comprised of starch and sugars, are primary intermediate products of carbon assimilation (C) that can be stored and used to meet future demands for growth and metabolism [1,2,3]. Stored NSC is fundamental to sustaining plant growth and metabolism during periods of high physiological stress and through dormancy, when photosynthetic C supply is low [2,3,4,5,6,7]. Because of a shifting balance between plant metabolic C demands and photosynthetic C supply, NSC concentrations in plant tissues can change on hourly to seasonal timescales [8,9,10,11,12,13,14,15,16,17].



Seasonal cycles of plant tissue NSC accumulation and depletion are strongly tied to the timing and magnitude of C assimilation and growth [18], indicators of C source and sink demand, respectively. In temperate deciduous trees, tissue NSC concentrations may decline during winter dormancy and early leaf expansion, when current C assimilation is insufficient to meet metabolic and early growth demands [1,2,12,16]. Non-structural carbohydrate concentrations in tissues may be replenished once leaf production has peaked and structural growth demands for current C assimilate decline [2,4,5,6,7]. The timing and magnitude of tissue NSC accrual and depletion is thus a function of two coupled, but sometimes temporally offset C cycling processes of growth and C assimilation.



Climate change may exert a substantial, indirect influence on seasonal cycles of tissue NSC by modifying the temporal relationship between growth and C assimilation. In particular, thermal regulation of growing season length and duration of the photosynthetic period may have important consequences for the periodicity of seasonal tissue NSC cycles in temperate deciduous forests. Numerous studies support a strong relationship between temperature and growing season duration, with warmer air or soil temperatures accelerating the initiation of spring net primary production (NPP) and delaying autumn senescence [19,20,21,22,23]. Warmer spring temperatures generally prompt an earlier onset of gross primary production (GPP), but temperature effects on the termination of GPP are less clear. If the temporal relationship between NPP and GPP is altered as temperatures rise, then shifts in C source-sink relationships may, in turn, affect tissue NSC concentrations, an outcome that could have broad ecological consequences for the resilience of forest growth following disturbance or climatic stress [3,24,25,26,27,28,29,30,31]. Forecasts of future plant tissue NSC have focused on the effects of rising atmospheric CO2 [32]. Understanding how climate change will alter tissue NSC concentrations additionally requires investigation into how temperature constrains the timing of key regulatory ecosystem C supply and demand processes of C assimilation (i.e., GPP) and growth (i.e., NPP).



We examined how seasonal fluctuations in tissue NSC of Populus grandidentata and Quercus rubra relate to stand-scale C cycling processes of NPP and GPP and their climatic drivers, and we consider how future temperature rise may affect seasonal NSC cycles of depletion and accrual in a north temperate mixed deciduous forest of Michigan, USA. We focus our analysis on the phenological and environmental regulation of C cycling processes that constrain tissue NSC concentrations, and which may inform predictions of future forest C allocation to NSC. Using standard assays of tissue NSC concentration together with stand-scale assessments of GPP and NPP [18], we demonstrate how these coupled ecosystem C cycling processes interact to regulate highly dynamic, but generally predictable seasonal fluctuations in tissue NSC concentrations, and we consider how these labile C pools are likely to change as temperature increases.




2. Experimental Methods


2.1. Site Description


Our study was conducted at the University of Michigan Biological Station east of Pellston, MI, in northern lower Michigan, USA (45°35.5’N, 84°43’W). The study site lies on the northeastern side of an interlobate moraine, the slope of which gently decreases from SW to NE draining into nearby Douglas Lake. Soils are primarily composed of sand, excessively drained and of the Rubicon-East Lake series. Average annual (1942-2003) temperature is 5.5 °C and precipitation is 817 mm.



The ecosystem is a secondary successional mixed deciduous forest which regenerated following a clearcut and subsequent fire in the 1920s [33]. Forest canopy is approximately 22 m height. Forest composition is comprised primarily of Populus grandidentata Michx. (bigtooth aspen) and P. tremuloides Michx. (trembling aspen), which together comprise over 40% of the basal area, Quercus rubra L. (northern red oak), which comprises over 20% of the basal area, Betula papyrifera Marsh. (paper birch), Fagus grandifolia Ehrh. (American beech), Acer saccharum Marsh. (sugar maple), Acer rubra L. (red maple), and Pinus strobus L. (white pine). The understory consists mainly of Pteridium aquilinum (bracken fern) and seedlings of northern red oak, American beech, sugar and red maple, and white pine.




2.2. Plant tissue collection


P. grandidentata and Q. rubra individuals were selected for investigation of NSC because they are dominant canopy species at our site and exhibit contrasting xylem morphologies. Q. rubra, a ring-porous species, principally lays down vessel elements during early spring growth, while diffuse-porous P. grandidentata forms new vessel elements more uniformly throughout the year. Due to the destructive nature of tissue sampling, we extracted tissues over the course of the study from three different cohorts of dominant canopy aspen and oak trees located within the same stand. Sampling of three trees per species during 2005 was conducted four times on cohort 1, and during 2006 on six dates on cohorts 2 and 3. When transitioning from one cohort to the next, we conducted concurrent sampling of both cohorts on a common measurement date to examine variation between cohorts. To minimize diurnal variability in NSC, tissue samples were collected between 12:00 p.m. and 4:00 p.m.



We collected on every measurement date branch, bole, and coarse root (diameter > 5 cm) tissues for analysis of NSC. Leaf and branch tissues were excised from the mid-outer tree canopy using a shotgun. Bole and coarse root tissue (xylem only) were collected via a 5mm increment corer to a depth of 2 cm. Bark tissue was separated from wood prior to analysis. Bole samples were collected at ~1.37 m from the ground. Coarse roots were sampled 15–30 cm away from the base of the tree and at a soil depth of 10 cm. All tissue samples upon collection were placed on ice in 20 ml scintillation vials and later stored at -80 °C.




2.3. Starch and soluble sugar quantification


We quantified soluble sugars and starch in tissues using standard methods developed by Jones et al. [34]. Following freeze drying of tissues, soluble sugars (sucrose, glucose, and fructose) were extracted from ~25 mg of tissue through 3–80% ethanol (5 ml) extractions at 80 °C for 5 min each. Extracts were centrifuged and the supernatants pooled, a 2 ml aliquot was removed and dried using a vacuum evaporator. Dried extract was resuspended with 3 ml deionized water and 40 mg polyvinylpolypyrrolidone (PVPP) and thoroughly vortexed. PVPP was spun down using a centrifuge and a 0.5 ml aliquot removed and assayed enzymatically according to a colorimetric assay adapted from Jones et al. [34] and modified for use on aspen tissues [35]. Soluble sugar recovery was >95%.



To quantify starch, tissue pellets already extracted for soluble sugars were resuspended using 1 ml of 0.2 N KOH and incubated at 80 °C for 25 min. KOH was neutralized by adding 0.2 ml of 1 N acetic acid. Starch was hydrolyzed to glucose with α-amyloglucosidase solution (pH 7.05) at 55 °C for 1.5 hours and assayed according to Jones et al. [34]. Starch recovery was >95%. Total sample NSC was the sum of soluble sugars and starch averaged across xylem and phloem. Non-structural carbohydrate mass was converted to C mass using a fraction of 0.41 g C g-1 dry weight for soluble sugars and 0.44 g C g-1 dry weight for starch [2] and expressed as the concentration of dry tissue mass. Sugar and starch fractions were summed to determine dry mass percent NSC.




2.4. Gross and net primary production initiation and cessation


We used the methods of Gough et al. [18] to estimate the timing of NPP initiation and cessation from ecological inventories of daily net primary production of live wood, leaves, fruit, and branches, and fine roots for the entire forest from 2001-2003 and 2005-2006 (Figure 1). We did not calculate NPP in 2004 because high temporal resolution live wood dry mass production data were not available. Daily above- and belowground wood NPP was estimated from incremental changes in weekly to biweekly bole diameter (D) recorded for 190 trees with D ≥ 10 cm using band dendrometers, and from allometric equations relating D to wood dry mass [36]. Daily leaf, fruit, and branch NPP was calculated by multiplying annual leaf, fruit, and fine branch dry mass production estimated from frequently sampled litter traps placed on the forest floor (area = 0.264 m2, n = 20) by the interpolated daily fraction of annual vegetation area production calculated from twice weekly (during leaf expansion) to monthly measurements of vegetation area index. Daily fine root structural C production was the product of daily fine root turnover estimated from daily mean soil temperature (TS, 7.5 cm) and standing fine root dry mass [36]. A site-specific C fraction of 0.49 (wood, leaves, fruit, fine branches) or 0.47 (fine roots) was used to convert dry mass to C mass [36]. Daily NPP was the sum of daily wood, leaf, fruit, fine branch, and fine root primary production. The times of initiation and cessation of NPP were defined as dates when 10% and 90% of total annual NPP, respectively, were achieved. Limitations and assumptions associated with this approach are detailed in [18].



We estimated the initiation and cessation of GPP from meteorological estimates of daily net ecosystem CO2 exchange (NEE) between forest and atmosphere following Curtis et al. [37]. Detailed meteorological tower instrumentation, specifications, and data gap-filling procedures are described by Schmid et al. [38]. A 46 m tower equipped with eddy-covariance systems provided continuous measurements of 3-D turbulent velocity fluctuations and eddy-covariance fluxes of momentum (sonic anemometers; CSAT-3, Campbell Scientific, Inc.) and CO2 fluxes as hourly averages (infrared gas analyzer; LI-6262 or LI-7000 from 2005; LI-COR Inc.; Lincoln, NE). CO2 fluxes are subject to quality control, including outlier rejection, and a friction velocity u* ≤ 0.35 m s-1 criterion to discard values obtained under low turbulence conditions where the change of CO2 storage in the canopy air space could be important. Daily GPP is the 24-h sum of daytime hourly NEE and ecosystem respiration, inferred from models relating nighttime net ecosystem CO2 exchange to soil temperature (7.5 cm depth). Times of GPP initiation and cessation were the dates when 10% and 90% of total annual GPP, respectively, were attained.



We tracked leaf phenology with a LAI-2000 Plant Canopy Analyzer (LI-COR Inc.). Readings were taken every ~3 m along seven 60 m transects for an average of 120 samples on each of 12 sampling dates from May (leaf expansion) to November (leaf abscission) during 2005 and 2006.
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Figure 1. Daily net primary production (NPP), gross primary production (GPP), and the timing of leaf-out completion, 2005-2006. The times of NPP and GPP initiation and cessation are the dates on which 10% and 90%, respectively, of total annual net primary production or gross primary production were achieved. Complete methods are described in [18]. 
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2.5. Thermal degree days


We examined relationships between the dates of the initiation and cessation of NPP and GPP, and cumulative degree-days to evaluate how climate constrains the timing of ecosystem C cycling processes that putatively regulate tissue NSC depletion and accrual. Degree-days (   D  D k   ,  D O  Y  i , n       ) accumulate when mean air temperatures for day of year i (Ti) are greater or less than a base temperature (k) that, in principle, stimulates physiological and/or phenological activity [39]:


   D  D k   ,  D O  Y  i , n     =   ∑  i = D O  Y 1    D O  Y n     (  T i  − k   for    T i  > k ,   0   for    T i  ≤ k )     



(1)







We used base temperatures of 4 °C and 20 °C to estimate cumulative heating (January - May) and cooling (June - September) degree-days, respectively, for years in which NPP data were available (2001-2003, 2004-2005; Gough et al. [18]). Base temperatures are published values optimized for a hardwood forest in New Hampshire [39].




2.6. Statistical analyses


We used ANOVA with repeated measures to analyze starch and soluble sugar concentrations among species, tissue types, and sampling dates. Species and tissue effects were analyzed using a split-block analysis since neither of these treatments could be randomized. Tissue NSC concentrations were square root transformed prior to statistical analyses to correct a non-normal distribution. Where sampling overlap occurred between aspen and oak cohorts, differences in NSC concentrations were tested using a two sample t-test (α = 0.05); no significant difference between cohorts was found. Tissue starch and sugar concentrations were compared across dates using Tukey's HSD, α = 0.05.



Levels of uncertainty associated with projections of tissue NSC concentrations (section 3.4) were estimated from the quadrature sum of the following component errors: interannual variability in rates of NSC accumulation between NPP and GPP cessation, and variation in the relationship between GPP and cooling degree days. For illustrative simplicity, mean 95% CIs were averaged across species. All statistical analyses were conducted using SAS statistical software (v. 9.1, SAS Institute, Cary, NC, USA).





3. Results


3.1. Sugar and starch concentrations by species, tissues, and over time


Non-structural carbohydrate concentrations varied significantly among tissues and between aspen and oak trees over time (Table 1, Figure 2). Among woody aspen tissues, NSC concentrations generally were greatest in branches, reaching 12% of dry mass (Figure 3a). Maximum aspen root NSC concentrations (4%) were greater than those of the stem (1.5%). Overall, oak tissue NSC concentrations were significantly greater than those of aspen. In oak, peak NSC concentrations in branches and roots reached 17% (Figure 2b). Maximum NSC concentrations were considerably lower (6.5%) in oak stems.



Tissue NSC concentrations fluctuated seasonally in aspen and oak tissues (Figure 2). Although substantial variation existed among tissues and species over time, NSC concentrations generally peaked during late summer or early dormancy. Aspen branches exhibited high seasonal amplitudes in starch concentrations, spanning 8% dry mass over time. Tissue NSC concentrations in aspen stems and roots varied seasonally to a lesser extent by up to 2% of dry mass. Seasonal changes in oak NSC were pronounced in all tissues, varying by 11% of dry mass in branches, 5% of dry mass in stems, and 11.5% of dry mass in roots.




3.2. Gross and net primary production, and seasonal non-structural carbohydrates dynamics


The timing of NSC accrual and depletion in aspen and oak roots and stems, primary NSC storage organs, often corresponded with forest phenological events that alter the balance between C assimilation and growth (Figure 2). The initiation of NPP generally coincided with declining root and stem NSC concentrations in aspen and oak, with trends more pronounced in the latter. Aspen and oak root and stem NSC concentrations increased following leaf-out, with peak concentrations occurring after mid-summer NPP cessation and before GPP cessation. Branch NSC concentrations were more variable over time.
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Figure 2. Populus grandidentata (aspen) and Quercus rubra (oak) non-structural carbohydrate (NSC) concentrations in branch, stem, and coarse root tissues, 2005-2006. Periods of NPP and GPP are bounded by black dashed vertical lines and the light grey-shaded area, respectively. The time of leaf-out completion is illustrated by the vertical dark-grey line. Note the different y-axes scales. Error bars represent 1 standard error. 
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A focused examination of changes in root and stem tissue NSC concentrations between phenological boundaries during 2006, the year with the highest measurement frequency, further supports a coupling between the timing of NPP and GPP initiation and cessation, and seasonal trends in tissue NSC depletion or accrual (Figure 3). Significant declines in oak root and stem tissue NSC concentrations occurred following NPP initiation and prior to GPP initiation, when C demands for growth exceeded C supplied by current GPP. Significant increases in oak stem and root tissue NSC concentrations later occurred following NPP cessation and prior to the termination of GPP, suggesting that declining growth demands for recently assimilated C permitted the replenishment of NSC stores. Changes in mean oak and aspen tissue NSC concentrations from dormancy until GPP initiation and between GPP initiation and NPP cessation were not significant.
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Table 1. ANOVA statistics for treatment main effects and interactions on tissue NSC concentrations.
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Parameter

	
d.f.

	
F

	
P




	
Replicate

	
2

	
2.41

	
0.0989




	
Species

	
1

	
383.31

	
0.0026




	
Tissue

	
3

	
215.48

	
<0.0001




	
Time

	
10

	
10.36

	
<0.0001




	
Species x Tissue

	
3

	
189.60

	
<0.0001




	
Species x Time

	
10

	
19.57

	
<0.0001




	
Tissue x Time

	
30

	
22.19

	
<0.0001




	
Species x Tissue x Time

	
28

	
6.60

	
<0.0001
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Figure 3. Changes between forest phenological boundaries in percent (%) tissue non-structural carbohydrate (NSC) concentrations averaged over stems and coarse roots, principal NSC storage organs. Numbers in parentheses indicate the contrasted measurement periods shown in Figure 2. An asterisk indicates a significant change between measurement dates (Tukey's HSD, P < 0.05). 
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3.3. Temperature and the timing of canopy carbon cycling processes


NPP and GPP phenologies, principal determinants of seasonal NSC cycles, closely corresponded with accumulated thermal degree-days. The initiation of both NPP and GPP in the spring was positively correlated with cumulative (January through May) heating degree-days, with NPP initiation averaging 19 days earlier than GPP initiation (Figure 4a). Among the 5 years examined, dates of NPP and GPP initiation spanned 19 and 18 days, respectively, depending on accumulated heating degree days from January through May. The cessation of the GPP occurred earlier in the year when more chilling degree-days accumulated from June through September, with timing varying by 16 days among 5 years (Figure 4b). The timing of NPP cessation was not correlated with cumulative (June through September) chilling degree-days.
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Figure 4. The day of year of net primary production (NPP) and gross primary production (GPP) initiation in relation to cumulative heating degree-days from January through May (A) and the timing of NPP and GPP cessation as related to cumulative chilling degree days from June through September (B), 2001-2003, 2004, 2005. k is the baseline temperature used for the analysis. When trend line is shown, P < 0.05. 
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3.4. Simulated changes in tissue NSC with warming temperatures


We simulated the percent change in tissue NSC concentrations for oak and aspen boles and roots over a mean annual temperature rise of 1 to 7 °C, encompassing the range predicted for Michigan in 2095 (http://www.ucsusa.org/greatlakes/glimpactmigrating.html). This temperature span is concordant with the current rate of warming at our site of 1 °C over a quarter century [40]. We first estimated mean daily changes in tissue NSC concentrations between NPP and GPP cessation, a phase of NSC rise (Figure 2 and Figure 3), by interpolating the daily incremental increase in tissue NSC between phenological periods. This phase of NSC accumulation was investigated because the timing of GPP cessation was temperature sensitive while NPP cessation was not; an indication that rising temperatures may extend C supply after growth demand has declined, thereby causing an increase in tissue NSC concentrations. Forecasts of tissue NSC depletion between NPP and GPP initiation were not examined because both phenologies responded in parallel to shifts in accumulation of degree days, with the slopes exhibiting overlapping 95% confidence intervals (Figure 4). This consistent offset between these processes suggests that warming temperatures would not affect early growing season NSC depletion. Next, we calculated changes in cooling degree days under rising temperature scenarios, which then were used to estimate changes in the timing of GPP cessation (Figure 4). Lastly, percent changes in tissue NSC concentration were estimated by multiplying mean daily changes in NSC concentrations between NPP and GPP cessation by the projected temporal offset (days) between these processes as temperatures increase.



Our modeling results suggest that percent changes in tissue NSC concentrations with rising temperatures of 1 to 7 °C are positively curvilinear, with similar trends across tissues and species (Figure 5). An approximate 1% increase in tissue NSC concentration occurred for every 1 °C rise in mean annual temperature. Very large 95% confidence intervals were associated with root projections because of high interannual variation in the accumulation rates of root NSC between NPP and GPP cessation. Uncertainty in projected bole NSC concentrations was much lower because of consistent interannual patterns of NSC accumulation (Figure 2). These results suggest that rising temperatures may exacerbate the temporal offset between the termination of late season growth (NPP) and canopy C assimilation (GPP), prompting an increase in the gross accumulation of late season tissue NSC.





4. Discussion


We have shown that the timing of aspen and oak tissue NSC accrual and depletion was often coupled with the periodicity of NPP (forest growth) and GPP (gross C assimilation), phenologies that are commonly constrained by temperature in temperate forests [19,20,21,22,23]. Temporal shifts in tissue NSC have been broadly shown to correspond with tree phenological changes and with climatic events [8,9,10,11,12,13,14,15,16,17]. We are among the first to demonstrate the potential coupling of temperature regulated C cycling processes with temporal changes in tissue NSC concentrations [1,2,3], a result that suggests future warming may disrupt current cycles of NSC accumulation and depletion in our forest.



Seasonal cycles of tissue NSC accumulation and depletion at our site are consistent with those reported for other temperate, deciduous forests. We observed a general decline in NSC concentrations of major storage tissues (coarse roots and stems) from dormancy until GPP initiation and, subsequently, an accrual of tissue NSC after leaf-out and during the latter half of summer when NPP had ceased and GPP was sustained. Seasonal trends that were especially pronounced in oak were more attenuated in aspen. Our findings reinforce prior results that tissue NSC of temperate deciduous trees accumulates when the supply of C assimilation exceeds current demands for NPP and, conversely, NSC may become depleted when current GPP is not sufficient to meet NPP demands [2,4,6,7].
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Figure 5. Projected increases in tissue NSC concentrations for oak and aspen bole and roots, +1 to 7 °C mean annual temperature. Grey shading and dotted lines are 95% C.I. for bole and root NSC concentration projections, respectively. 
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Thermal regulation of NPP and GPP at our site suggests that seasonal NSC dynamics are partly constrained by temperature controls on the phenologies of C assimilation and allocation to growth. In our forest there was strong correspondence between cumulative heating degree days and the initiation of NPP and GPP, and between cumulative chilling degree days and the cessation of GPP in the autumn. Indirect thermal regulation of tissue NSC dynamics at our site may be caused by changes in the temporal relationship between the supply of recently assimilated C, and C demand for growth as temperatures rise. Numerous studies support a strong relationship between air temperatures and the duration of the growing season and canopy C assimilation or gross primary production [19,20,21,22,23], but none have related temperature to shifts in tissue NSC allocation.



Our results provide evidence that future warming could increase NSC accumulation in aspen and oak tissues. We predict an approximate 1% increase in tissue NSC concentrations for every 1 °C rise in mean annual temperature; the cause is the lengthening of the period between growth and C assimilation termination, a stage in which photosynthate allocation is redirected from growth to storage in NSC pools. If growth terminates during mid-summer independent of temperature as we observed, then extending C assimilation later into autumn might augment NSC accumulation by increasing the period in which assimilated C is allocated to storage NSC rather than to growth. We did not adjust our predictions of future late season NSC accumulation for a concurrent rise in plant respiration that might occur as temperatures increase [41,42,43]; however, we suggest that lengthening of the C assimilation period and, consequently, higher gross NSC production under warmer conditions may provide an important mechanism for offsetting rising metabolic costs, which have been demonstrated to increase with temperature [5,44,45]. Interestingly, our findings suggest that rising air temperature may compound forecasted increases in tissue NSC caused by rising atmospheric CO2 [32].



We acknowledge that our simulation, with its uncertainties, provides a preliminary forecast of temperature-related shifts in NSC for dominant species of a single ecosystem, and consider our analysis a basis for further hypothesis testing via empirical and modeling approaches. We note that high uncertainty in projections of root tissue NSC, caused by large apparent interannual variation in late-season NSC dynamics, may be the result of different sampling frequencies between years rather than biological variation. It is possible that in 2005, when late growing season tissue NSC was not sampled, our lower sampling frequency was not adequate to capture dynamic seasonal trends in carbohydrate concentrations observed during that same time period in 2006. Further, our NSC projections were inferred from correlative relationships between temperature driven phenology and carbohydrate dynamics, and could not be controlled for parallel changes in climate and physiology that may affect tissue NSC concentrations. We suggest that future studies of NSC-temperature interactions address these key uncertainties through high frequency NSC sampling conducted under experimentally controlled climate conditions.



A temperature induced rise in tissue NSC could have broad ecological implications, modifying forest biotic interactions while enhancing the resilience of forest growth to adverse climate change, disturbance, and rising metabolic demand. Stored NSC is mobilized to support growth and metabolism during periods of drought and low light availability when photosynthesis is depressed [3,24,25,26,46], conditions that may intensify regionally as climate changes (http://www.ucsusa.org/greatlakes/glimpactmigrating.html). Growth recovery following canopy defoliation also relies heavily on NSC stores, suggesting that climate change related increases in herbivory [47,48] may be partially mitigated by a concurrent increasing supply of NSC. Higher tissue NSC concentrations also may affect the exchange of C and nutrients between plants and both herbivores and symbionts. Elevated CO2 experiments show that rising NSC concentrations promote ectomycorrhizal fungi growth and colonization [49,50], and the dilution of foliar nutrients available to herbivores [47,48,51,52]. A rise in tissue NSC also may positively or negatively change the concentration of secondary compounds known to thwart herbivores [47,48,53].



It is important to acknowledge that other climate parameters may affect the timing of NPP and GPP and thus alter the periodicity of tissue NSC accumulation and depletion. For example, photoperiod controls the timing of growth and C assimilation initiation and cessation in some woody species [54,55,56]. Additionally, water stress is implicated in early cessation of growth and C assimilation, the latter of which is prompted by accelerated leaf senescence [57]. A reduction in future precipitation could alter seasonal NSC dynamics by truncating the end of the growing season. Additional investigation is required to elucidate the suite of environmental controls on seasonal NSC dynamics, and to determine how future climate change will alter the allocation of assimilated C to growth or storage pools.



We note that tissue sugar and starch concentrations for oak and aspen at our site were comparable to those already published for these genera. Tissue NSC concentrations for oak coarse roots (4–17%), stems (1.5-6.5%), and branches (6.5-17%) were within the range for Quercus spp. [2,58,59]. Aspen stem (0.5-1.5%) and branch (3.5-12%) NSC concentrations were similar to those reported for Populus spp., but our coarse root tissue NSC concentrations (1.5–4%) were considerably lower than those reported for mature Populus tremuloides by Landhausser and Lieffers [6]. Tissue NSC concentrations of aspen and oak at our site generally compare well to those of seven temperate deciduous species with the exception of our aspen stem NSC concentrations, which were somewhat lower [2].



The significant seasonal variation in NSC concentrations that we observed between aspen and oak is consistent with studies showing differences among plant functional groups in their NSC storage and remobilization patterns during periods of dormancy and growth [2,4,46]. Deviations in tissue NSC concentrations and seasonal amplitudes between aspen and oak at our site may be partly caused by differences in the timing of xylem production. Ring porous species such as oak concentrate their xylem production in the spring, while diffuse porous species distribute xylem production more evenly throughout the growing season. Greater spring demand for storage NSC in support of xylem construction may have prompted the higher oak tissue NSC concentrations and seasonal amplitudes that we observed relative to aspen. Similar disparities in tissue NSC concentrations and seasonal amplitudes among ring porous and diffuse porous species have been previously noted [2,58].




5. Conclusions


We conclude that rising temperatures may alter the timing of forest C source and sink relationships in a way that causes an increase in gross NSC concentrations of tissues. This enrichment of tissue NSC may be an important compensation mechanism for supporting growth as metabolic demands and disturbances increase with climate change. If rising CO2 and temperature jointly contribute to enhanced NSC production, the ecological consequences could be broad and include changes in biotic interactions and in forest growth resiliency.







Acknowledgements


We thank three anonymous reviewers for their thoughtful and thorough comments. This research was supported by the U.S. Department of Energy's Office of Science (BER) through the Midwestern Regional Center of the National Institute for Global Environmental Change under Cooperative Agreements No. DE-FC03-90ER610100, the Midwestern Regional Center of the National Institute for Climatic Change Research at Michigan Technological University, under Award No. DE-FC02-06ER64158, and USDA Forest Service Award No. 06-JV-11242300-145. We acknowledge the University of Michigan Biological Station for facilities and material support.




References and Notes


	



Sampson, D.A.; Johnsen, K.H.; Ludovici, K.H.; Albaugh, T.J.; Maier, C.A. Stand-scale correspondence in empirical and simulated labile carbohydrates in loblolly pine. Forest Sci. 2001, 47, 60–68. [Google Scholar]

	



Hoch, G.; Richter, A.; Körner, C. Non-structural carbon compounds in temperate forest trees. Plant Cell Environ. 2003, 26, 1067–1081. [Google Scholar] [CrossRef]

	



Legros, S.; Mialet-Serra, I.; Clement-Vidal, A.; Caliman, J.P.; Siregar, F.A.; Fabre, D.; Dingkuhn, M. Role of transitory carbon reserves during adjustment to climate variability and source-sink imbalances in oil palm (Elaeis guineensis). Tree Physiol. 2009, 29, 1199–1211. [Google Scholar] [CrossRef] [PubMed]

	



Barbaroux, C.; Breda, N.; Dufrene, E. Distribution of above-ground and below-ground carbohydrate reserves in adult trees of two contrasting broad-leaved species (Quercus petraea and Fagus sylvatica). New Phytol. 2003, 157, 605–615. [Google Scholar] [CrossRef]

	



Körner, C. Carbon limitation in trees. J. Ecol. 2003, 91, 4–17. [Google Scholar] [CrossRef]

	



Landhausser, S.M.; Lieffers, V.J. Seasonal changes in carbohydrate reserves in mature northern Populus tremuloides clones. Trees-Struct. Funct. 2003, 17, 471–476. [Google Scholar] [CrossRef]

	



Wong, B.L.; Baggett, K.L.; Rye, A.H. Seasonal patterns of reserve and soluble carbohydrates in mature sugar maple (Acer saccharum). Can. J. Bot. 2003, 81, 780–788. [Google Scholar] [CrossRef]

	



Keel, S.G.; Siegwolf, R.T.W.; Körner, C. Canopy CO2 enrichment permits tracing the fate of recently assimilated carbon in a mature deciduous forest. New Phytol. 2006, 172, 319–329. [Google Scholar] [CrossRef] [PubMed]

	



Chantuma, P.; Lacointe, A.; Kasemsap, P.; Thanisawanyangkura, S.; Gohet, E.; Clement, A.; Guilliot, A.; Ameglio, T.; Thaler, P. Carbohydrate storage in wood and bark of rubber trees submitted to different level of C demand induced by latex tapping. Tree Physiol. 2009, 29, 1021–1031. [Google Scholar] [CrossRef] [PubMed]

	



Bansal, S.; Germino, M.J. Temporal variation of nonstructural carbohydrates in montane conifers: similarities and differences among developmental stages, species and environmental conditions. Tree Physiol. 2009, 29, 559–568. [Google Scholar] [CrossRef] [PubMed]

	



Spann, T.M.; Beede, R.H.; Dejong, T.M. Seasonal carbohydrate storage and mobilization in bearing and non-bearing pistachio (Pistacia vera) trees. Tree Physiol. 2008, 28, 207–213. [Google Scholar] [CrossRef] [PubMed]

	



Schädel, C.; Blochl, A.; Richter, A.; Hoch, G. Short-term dynamics of nonstructural carbohydrates and hemicelluloses in young branches of temperate forest trees during bud break. Tree Physiol. 2009, 29, 901–911. [Google Scholar] [CrossRef] [PubMed]

	



Zweifel, R.; Zimmermann, L.; Zeugin, F.; Newbery, D.M. Intra-annual radial growth and water relations of trees: implications towards a growth mechanism. J. Exp. Bot. 2006, 57, 1445–1459. [Google Scholar] [CrossRef] [PubMed]

	



Gholz, H.L.; Cropper, W.P. Carbohydrate dynamics in mature Pinus elliotti var elliottii trees. Can. J. For. Res. 1991, 21, 1742–1747. [Google Scholar] [CrossRef]

	



Johansson, T. Seasonal-changes in contents of root starch and soluble carbohydrates in 4-6-year old Betula pubescens and Populus tremula. Scand. J. Forest. Res. 1993, 8, 94–106. [Google Scholar] [CrossRef]

	



Piispanen, R.; Saranpää, P. Variation of non-structural carbohydrates in silver birch (Betula pendula Roth) wood. Trees-Struct. Funct. 2001, 15, 444–451. [Google Scholar] [CrossRef]

	



Hansen, J.; Beck, E. Seasonal changes in the utilization and turnover of assimilation products in 8-year-old Scots pine (Pinus sylvestris L) trees. Trees-Struct. Funct. 1994, 8, 172–182. [Google Scholar] [CrossRef]

	



Gough, C.M.; Flower, C.E.; Vogel, C.S.; Dragoni, D.; Curtis, P.S. Whole-ecosystem labile carbon production in a north temperate deciduous forest. Agr. Forest Meteorol. 2009, 149, 1531–1540. [Google Scholar] [CrossRef]

	



Parmesan, C.; Yohe, G.A. Globally coherent fingerprint of climate change impacts across natural systems. Nature 2003, 421, 37–42. [Google Scholar] [CrossRef] [PubMed]

	



Bradley, N.L.; Leopold, A.C.; Ross, J.; Huffaker, W. Phenological changes reflect climate change in Wisconsin. Proc. Natl. Acad. Sci. U.S.A. 1999, 96, 9701–9704. [Google Scholar] [CrossRef] [PubMed]

	



Piao, S.L.; Friedlingstein, P.; Ciais, P.; Viovy, N.; Demarty, J. Growing season extension and its impact on terrestrial carbon cycle in the Northern Hemisphere over the past 2 decades. Global Biogeochem. Cycles 2007, 21, GB2013. [Google Scholar]

	



White, M.A.; Thornton, P.E.; Running, S.W. A continental phenology model for monitoring vegetation responses to interannual climatic variability. Global Biogeochem. Cycles 1997, 11, 217–234. [Google Scholar] [CrossRef]

	



Tucker, C.J.; Slayback, D.A.; Pinzon, J.E.; Los, S.O.; Myneni, R.B.; Taylor, M.G. Higher northern latitude normalized difference vegetation index and growing season trends from 1982 to 1999. Int. J. Biometeorol. 2001, 45, 184–190. [Google Scholar] [CrossRef]

	



Regier, N.; Streb, S.; Cocozza, C.; Schaub, M.; Cherubini, P.; Zeeman, S.C.; Frey, B. Drought tolerance of two black poplar (Populus nigra L.) clones: contribution of carbohydrates and oxidative stress defence. Plant Cell Environ. 2009, 32, 1724–1736. [Google Scholar] [CrossRef] [PubMed]

	



Damour, G.; Vandame, M.; Urban, L. Long-term drought modifies the fundamental relationships between light exposure, leaf nitrogen content and photosynthetic capacity in leaves of the lychee tree (Litchi chinensis). J. Plant Physiol. 2008, 165, 1370–1378. [Google Scholar] [CrossRef] [PubMed]

	



Correia, M.J.; Osorio, M.L.; Osorio, J.; Barrote, I.; Martins, M.; David, M.M. Influence of transient shade periods on the effects of drought on photosynthesis, carbohydrate accumulation and lipid peroxidation in sunflower leaves. Environ. Exp. Bot. 2006, 58, 75–84. [Google Scholar] [CrossRef]

	



Palacio, S.; Hester, A.J.; Maestro, M.; Millard, P. Browsed Betula pubescens trees are not carbon-limited. Funct. Ecol. 2008, 22, 808–815. [Google Scholar] [CrossRef][Green Version]

	



Luostarinen, K.; Kauppi, A. Effects of coppicing on the root and stump carbohydrate dynamics in birches. New Forest. 2005, 29, 289–303. [Google Scholar] [CrossRef]

	



Landhausser, S.M.; Lieffers, V.J. Leaf area renewal, root retention and carbohydrate reserves in a clonal tree species following above-ground disturbance. J. Ecol. 2002, 90, 658–665. [Google Scholar] [CrossRef]

	



VanderKlein, D.W.; Reich, P.B. The effect of defoliation intensity and history on photosynthesis, growth and carbon reserves of two conifers with contrasting leaf lifespans and growth habits. New Phytol. 1999, 144, 121–132. [Google Scholar] [CrossRef]

	



Li, M.H.; Hoch, G.; Körner, C. Source/sink removal affects mobile carbohydrates in Pinus cembra at the Swiss treeline. Trees-Struct. Funct. 2002, 16, 331–337. [Google Scholar]

	



Körner, C.; Miglietta, F. Long-term effects of naturally elevated CO2 on mediterranean grassland and forest trees. Oecologia 1994, 99, 343–351. [Google Scholar] [CrossRef]

	



Gough, C.M.; Vogel, C.S.; Harrold, K.H.; George, K.; Curtis, P.S. The legacy of harvest and fire on ecosystem carbon storage in a north temperate forest. Global Change Biol. 2007, 13, 1935–1949. [Google Scholar] [CrossRef]

	



Jones, M.G.K.; Outlaw, W.H.; Lowry, O.H. Enzymic assay of 10-7 to 10-14 moles of sucrose in plant-tissues. Plant Physiol. 1977, 60, 379–383. [Google Scholar] [CrossRef] [PubMed]

	



Curtis, P.S.; Vogel, C.S.; Wang, X.Z.; Pregitzer, K.S.; Zak, D.R.; Lussenhop, J.; Kubiske, M.; Teeri, J.A. Gas exchange, leaf nitrogen, and growth efficiency of Populus tremuloides in a CO2-enriched atmosphere. Ecol. Appl. 2000, 10, 3–17. [Google Scholar]

	



Gough, C.M.; Vogel, C.S.; Schmid, H.P.; Su, H.B.; Curtis, P.S. Multi-year convergence of biometric and meteorological estimates of forest carbon storage. Agr. Forest Meteorol. 2008, 148, 158–170. [Google Scholar] [CrossRef]

	



Curtis, P.S.; Vogel, C.S.; Gough, C.M.; Schmid, H.P.; Su, H.B.; Bovard, B.D. Respiratory carbon losses and the carbon-use efficiency of a northern hardwood forest, 1999-2003. New Phytol. 2005, 167, 437–455. [Google Scholar] [CrossRef] [PubMed]

	



Schmid, H.P.; Su, H.B.; Vogel, C.S.; Curtis, P.S. Ecosystem-atmosphere exchange of carbon dioxide over a mixed hardwood forest in northern lower Michigan. J. Geophys. Res.-Atmos. 2003, 108, (D14). [Google Scholar]

	



Richardson, A.D.; Bailey, A.S.; Denny, E.G.; Martin, C.W.; O'Keefe, J. Phenology of a northern hardwood forest canopy. Global Change Biol. 2006, 12, 1174–1188. [Google Scholar] [CrossRef]

	



Gough, C.M.; Vogel, C.S.; Schmid, H.P.; Curtis, P.S. Controls on annual forest carbon storage: Lessons from the past and predictions for the future. Bioscience 2008, 58, 609–622. [Google Scholar] [CrossRef]

	



Tjoelker, M.G.; Oleksyn, J.; Lorenc-Plucinska, G.; Reich, P.B. Acclimation of respiratory temperature responses in northern and southern populations of Pinus banksiana. New Phytol. 2009, 181, 218–229. [Google Scholar] [CrossRef] [PubMed]

	



Atkin, O.K.; Edwards, E.J.; Loveys, B.R. Response of root respiration to changes in temperature and its relevance to global warming. New Phytol. 2000, 147, 141–154. [Google Scholar] [CrossRef]

	



Atkin, O.K.; Tjoelker, M.G. Thermal acclimation and the dynamic response of plant respiration to temperature. Trends Plant Sci. 2003, 8, 343–351. [Google Scholar] [CrossRef] [PubMed]

	



Hoch, G.; Körner, C. Growth and carbon relations of tree line forming conifers at constant vs. variable low temperatures. J. Ecol. 2009, 97, 57–66. [Google Scholar] [CrossRef]

	



Overdieck, D.; Fenselau, K. Elevated CO2 concentration and temperature effects on the partitioning of chemical components along juvenile Scots pine stems (Pinus sylvestris L.). Trees-Struct. Funct. 2009, 23, 771–786. [Google Scholar] [CrossRef]

	



Palacio, S.; Maestro, M.; Montserrat-Marti, G. Seasonal dynamics of non-structural carbohydrates in two species of mediterranean sub-shrubs with different leaf phenology. Environ. Exp. Bot. 2007, 59, 34–42. [Google Scholar] [CrossRef]

	



Kinney, K.K.; Lindroth, R.L.; Jung, S.M.; Nordheim, E.V. Effects of CO2 and NO3- availability on deciduous trees: Phytochemistry and insect performance. Ecology 1997, 78, 215–230. [Google Scholar]

	



Bezemer, T.M.; Jones, T.H. Plant-insect herbivore interactions in elevated atmospheric CO2: quantitative analyses and guild effects. Oikos 1998, 82, 212–222. [Google Scholar] [CrossRef]

	



Goicoechea, N.; Closa, I.; de Miguel, A.M. Ectomycorrhizal communities within beech (Fagus sylvatica L.) forests that naturally regenerate from clear-cutting in northern Spain. New Forest. 2009, 38, 157–175. [Google Scholar] [CrossRef]

	



Loewe, A.; Einig, W.; Shi, L.; Dizengremel, P.; Hampp, R. Mycorrhiza formation and elevated CO2 both increase the capacity for sucrose synthesis in source leaves of spruce and aspen. New Phytol. 2000, 145, 565–574. [Google Scholar] [CrossRef]

	



Barbehenn, R. V.; Karowe, D. N.; Spickard, A. Effects of elevated atmospheric CO2 on the nutritional ecology of C-3 and C-4 grass-feeding caterpillars. Oecologia 2004, 140, 86–95. [Google Scholar] [CrossRef] [PubMed]

	



Roth, S.K.; Lindroth, R.L. Effects of CO2-mediated changes in paper birch and white pine chemistry on gypsy-moth performance. Oecologia 1994, 98, 133–138. [Google Scholar] [CrossRef]

	



Brunt, C.; Read, J.; Sanson, G.D. Changes in resource concentration and defence during leaf development in a tough-leaved (Nothofagus moorei) and soft-leaved (Toona ciliata) species. Oecologia 2006, 148, 583–592. [Google Scholar] [CrossRef] [PubMed]

	



Heide, O.M. Daylength and thermal time responses of budburst during dormancy release in some northern deciduous trees. Physiol. Plant. 1993, 88, 531–540. [Google Scholar] [CrossRef]

	



Heide, O.M.; Prestrud, A.K. Low temperature, but not photoperiod, controls growth cessation and dormancy induction and release in apple and pear. Tree Physiol. 2005, 25, 109–114. [Google Scholar] [CrossRef] [PubMed]

	



Heide, O.M. Interaction of photoperiod and temperature in the control of growth and dormancy of Prunus species. Sci. Hortic. 2008, 115, 309–314. [Google Scholar] [CrossRef]

	



Krishnan, P.; Black, T.A.; Grant, N.J.; Barr, A.G.; Hogg, E.T.H.; Jassal, R.S.; Morgenstern, K. Impact of changing soil moisture distribution on net ecosystem productivity of a boreal aspen forest during and following drought. Agr. Forest Meteorol. 2006, 139, 208–223. [Google Scholar] [CrossRef]

	



Barbaroux, C.; Breda, N. Contrasting distribution and seasonal dynamics of carbohydrate reserves in stem wood of adult ring-porous sessile oak and diffuse-porous beech trees. Tree Physiol. 2002, 22, 1201–1210. [Google Scholar] [CrossRef] [PubMed]

	



Bolstad, P.V.; Reich, P.; Lee, T. Rapid temperature acclimation of leaf respiration rates in Quercus alba and Quercus rubra. Tree Physiol. 2003, 23, 969–976. [Google Scholar] [CrossRef] [PubMed]





© 2010 by the authors; licensee Molecular Diversity Preservation International, Basel, Switzerland. This article is an Open Access article distributed under the terms and conditions of the Creative Commons Attribution license (http://creativecommons.org/licenses/by/3.0/).







nav.xhtml


  forests-01-00065


  
    		
      forests-01-00065
    


  




  





media/file1.png
2005 2006
JFMAMJ JASONDJFMAMJJ ASOND

.. b

120 +
100

Co
-
|
1

(Kg C had)

Ll
'I'-I-I'-Iliiill'l‘

N A O
o O O O
1 | I

Net primary production (NPP)
and Gross primary productiun (GPP)





media/file2.png
2005

JFMAMJ JASONDJ FMAVI{J AS OND
A-Aspen ¢ —-4— Branch
H —@— Stem
7 4T : —O— Root
8 :
€ 31
5
227
s 14
5
0
8 20 +B - Oak
o
s |
o
€):15
€ ]
=
© 10 +
F 5+
0 s
DA SR DI
\o\‘ﬁ’\\ “3‘9\0 S Q\«\\?@\\%«Q\Z £
Q¥R &Y oe* R &Y ®
$(‘,Q,\, R A\ %3\.06 N4
\S

Branch NSC concentration only





media/file7.png
Day of year

Day of year

170 1A ® NPP initiation |
O GPP initiation
160 -
150
140 -
130
=087
120 : i i :
250 300 350 400 450 500
Cumuatlive heating degree-days,
January - May (k = 4°C)
275 =
B B NPP cessation
270 + 0O GPP cessation
265 +
260 +
255 +
250 +
245 + -
240

-400 -350 -300 -250 -200 -150
Cumulative chilling degree days,
June - September (k = 20°C)





media/file9.png
-

N B O 00 O

Percent change in

o

Oak
Aspen | Bole

Oak

= = ASpen

tissue NSC concentration

N

Increase in present air temperature (°C)






media/file10.png
Percent change in
tissue NSC concentration

—

1 2 3 4 5 6 7
Increase in present air temperature (°C)





media/file5.png
Change in % tissue (stem + root)

NSC concentration

w
4

N

=

o

| — Aspen

—= QOak
L *
©

. (\\ -
R\ N0
e Gesg,a

o a0
2 A°






media/file3.png
Tissue NSC concentration (% dry mass)
o

1o

10 1

'{;III LA R L L LR R A LR LR

B-Oak ¢} ]
&% _
..t % % )
y S LU\ S
g N~ 4
3 N 6 18 29 101
= j"‘*@ "/Z @0“2 e oo/Z’
O : B, OGS .
Q SRE 80 SRR P
W, G &~ Q Q X e
\&? QQO& Q% © IR S
\C;é" WX &0 ¥z

2005 2006
JFMAMJ_.JASOND.JFMAMiJASOND16
|A-Aspen : —-4— Branch 3 :

P s i)

. . 00 . .

. . - . o O+ 12

q S : : / “ -

£ f =1 [/ E N
;- : P8
-i“. _-4
0

Branch NSC concentration only





media/file0.png
2006

2005
g JFMAMJ JASONDJFMAMJJASOND
ge 1204 3 eesees NPP +
2 1001 i GPE
§8¢ H
582 807 :
g8 : o
850 07 : 3
§EQ w0t :
88 207 : :
G)o 0 L) ad
Z'U
s @ . &/*ﬂ \ﬂﬂ
Q\\\ \'b <(\Qe\ 'b'-‘\o \00\ y (\\\)'Z;\\\'b\\g\Q\e '5‘\ \\0‘\\
SRR ? NG
e 5o @ KR o 0%
Q\\G%&‘O PP @ N 2%y \§Q Q?
T e © S R
\ olo olo olo
O N q%pq





media/file8.png
Day of year

Day of year

170 1A ® NPP initiation |
O GPP initiation |
160 -
150 -
140 -
130 -
= 087
120 . : . | : : . : :
250 300 350 400 450 500
Cumuatlive heating degree-days,
January - May (k = 4°C)
275 :
B B NPP cessation

270 + O GPP cessation
265 +
260 T
255 +
250 + L
245 I -
240

-400 -350 -300 -250 -200 -150
Cumulative chilling degree days,
June - September (k = 20°C)





media/file6.png
o — N (0
| ! I |

Change in % tissue (stem + root)
NSC concentration

m Aspen
- 3 QOak

*

il






