Task 3.5.2





Core Research Project 1:





Decline of Forest Productivity during Stand Development





Objective





�SYMBOL 183 \f "Symbol" \s 16 \h�	To predict impacts of climate change on yield of managed forests over the complete life cycle of trees





Rationale





This project concerns one of the most commonly observed and commercially important patterns in forest ecology: that forest productivity reaches a peak early in stand development and then gradually declines. Forest growth rates are often expressed in terms of stand net primary production (NPP), defined as annual canopy photosynthesis minus autotrophic respiration, or above-ground net primary production (ANPP), defined as NPP minus root production. Even-aged tree stands typically attain a peak ANPP soon after canopy closure; ANPP gradually declines over the remainder of the life cycle. This pattern is well known to forest managers and ecologists, and is evident in several types of data: foresters' stem volume growth data, comparisons of growth rates of environmentally similar stands of different ages (so-called "chrono-sequence" studies), and measurements of net CO2 exchange by young and old tree canopies. The evidence includes examples from forests in the tropics, mid-latitudes and boreal zone. Results from chrono-sequence studies show ANPP declining from its peak by between 0 and approximately 75%, with an average decline of approximately 30%.





Although the decline appears to be universal, understanding of its underlying physiological mechanisms is limited. Several hypotheses have been advanced to explain the decline. The traditional explanation, first advanced in the 1960s, is that woody biomass, and hence maintenance respiration, increase as stands age, reducing the availability of photosynthate to support new growth. However, this hypothesis has been challenged by recent findings that woody respiration represents only a small component (5 to 10%) of annual stand carbon balance and that woody respiration increases little after canopy closure. The explanation for the latter finding is that after canopy closure there is little accumulation of living sapwood, as distinct from the steady build-up of non-respiring heartwood. 





Two more recently advanced hypotheses are now gaining support. The first is that photosynthetic performance declines in older trees because hydraulic resistance is greater, and hence stomatal conductance is lower, in tall trees with long branches. This hypothesis has been supported by observations that carbon isotope discrimination decreases in older trees. The second hypothesis is that nutrient availability declines with age due to the immobilisation of nutrients either as woody biomass accumulates above-ground or as low quality woody litter accumulates on the forest floor. Nutrient availability can also decline if environmental conditions become less conducive to decomposition. Evidence for the nutrient deficiency hypothesis includes lower nutrient concentrations in foliage of mature trees and increased stem growth following fertilisation of old stands. The results of the fertilisation studies are consistent with our understanding of how nutrient availability affects relative carbon allocation in forests; decreased nutrient availability decreases biomass allocation to foliage and increases biomass allocation to fine roots and mycorrhizae. 





It needs to be recognised that the above hypotheses may not be mutually exclusive, and that the age-related decline of ANPP may be due to a combination of factors. Other mechanisms which may contribute to the decline include: altered carbon allocation, genetic controls leading to reduced meristem activity, changes in leaf longevity, increased production of chemical defences in older trees, and changes in stand structure. A process which complicates the interpretation of productivity data from chrono-sequence studies is tree mortality; it is possible for stand growth rates to decline because of reduced tree density, even though individual trees show no decline.  This possibility is countered, however, by evidence that growth rates of individual trees do decline as trees approach their maximum height.





The rate of decline of ANPP is of great importance in forest management. For instance, if the decline is steep, forest managers will favor shorter rotations, leading to more frequent site disturbance, and possibly to enhanced depletion of site nutrient capital and a reduction of sustainable forest productivity. In spite of the importance of ageing effects in forest management, they have historically been given low priority in experiments on forest growth processes and in the development of process-based models; their neglect in process models is in contrast to empirically-based forest management models which do an excellent job of capturing ageing effects.





The decline of NPP has been largely neglected in experimental research on the impact of rising CO2 on forest growth.  Short-term effects of high CO2 have been extensively studied for young trees, but, largely for logistic reasons, less attention has been given to the important issues of effects on older trees and of long-term, sustained CO2 responses. (A related point is that it is unclear how the "sustained response" should be defined for long-lived forest crops whose productivity progressively decreases after canopy closure.) A further point is that, if NPP declines because of reduced nutrient availability in older stands, then the CO2 response may diminish as stands age because of enhanced soil nutritional feedbacks. On the other hand, if decreasing stomatal conductance is partly responsible for declining NPP, then it has implications for the long-term effect of CO2 on NPP (via changes in water use efficiency induced by high CO2).





The decline also has implications for global carbon budgets. For instance, an understanding of age-dependent changes in NPP is central to the question of how conversion of mature forest to young re-growth affects rates of C sequestration. If rates of carbon sequestration decline significantly as stands mature, then estimates of global terrestrial carbon production should include information on stand age distribution. This information has been incorporated into inventory-based estimates of global forest carbon storage, but it is seldom included in simulation models of global terrestrial carbon production. If such models are to accurately estimate the contribution of forests to the global carbon budget, it is essential that they correctly describe changes in carbon accumulation as stands develop. To do so, they need to incorporate the key hypotheses discussed above. Moreover, the potential feedback effects on the atmosphere (e.g. decreased stomatal conductance or reduced leaf area index in older trees would result in reduced water vapor loss to the atmosphere) will be inaccurate unless global models correctly represent the cause(s) of the age-related decline in NPP.








Specific Questions and Approaches





Most experiments on tree responses to environmental change are performed on young trees.  It is becoming clear, however, that these experiments, which are performed when growth rates are at their most vigorous, do not allow us to predict how biomass accumulates over the full life-cycle of trees. This experimental bias is a critical shortcoming in the context of both forest management and carbon cycle modelling.  To overcome the problem we need experiments on ageing stands as well as young stands, and models based on a mechanistic understanding of the ageing process. 





Contributing projects should focus on productivity decline, its causes and its significance particularly in the context of climatic change.  There is already considerable research activity on these topics, and there is a need to foster links between scientists working on different aspects of the issue of what causes the decline of forest productivity during stand development, and to assess the significance of that decline for carbon balances both of individual stands of trees (within this CRP) and of the globe (within Activity 2.3).





Contributing projects should initially be directed at developing a functional understanding of why forest productivity declines with age. That will require further chrono-sequence studies and new analyses of existing long-term ecosystem experiments, such as the Long-Term Ecological Research (LTER) network. Selected study sites should cover a range of forest types and climatic regions. This range of environments should incorporate boreal sites which, because of their large accumulation of soil and litter organic matter, might be expected to be limited by nutrient immobilisation. Maintenance respiration might be more important in warmer environments or in forests with low foliage biomass relative to respiring wood (e.g. deciduous hardwoods). It is desirable that complementary experiments conducted in contrasting environments aim to adopt common experimental and modelling protocols (see the Scientific Implementation Plan for Activity 3.5, GCTE Report No. 4). 





A deficiency of published chrono-sequence studies is that none has thoroughly examined how root production varies with age; we therefore cannot rule out the possibility that the decline of ANPP as stands age is due entirely to a shift in biomass allocation from above- to below-ground. Future chrono-sequence studies will need to focus on measurements of below ground production.





An alternative to chrono-sequence studies is to establish field experiments on the stand development of fast growing species. These studies are particularly useful because they offer the opportunity to study causes of the decline of NPP through treatments which manipulate nutrient availability (through fertilisation) and ratios of foliage to woody biomass (by varying tree spacing). Certain experiments would be  particularly worthwhile. For instance, there have been few published studies of photosynthetic rates and stomatal conductance in old/tall trees. Another valuable experiment would be to measure how young stands respond to additions of litter and other carbon compounds which may immobilise soil nutrients. 





As far as possible, experimentation should be integrated with ecosystem modelling, with models serving as testable statements of experimental hypotheses on why productivity declines as stands age. Models should incorporate the major first-order ageing effects so they can be used to determine the contribution of each mechanism to the observed NPP decline. Modelling activity will lead to the development of general physiology-based algorithms that simulate the mechanisms responsible for age-related NPP decline. These algorithms will be useful to the wider modelling community including global-scale modelers.


These models will provide the tools required for predicting impacts of rising CO2 and temperature over complete forest rotations. Forest age-sequence studies in many environments have suggested that the major cause for declining NPP is increased nutrient limitation in older stands.  Because the long-term CO2 fertilisation effect is reduced under nutrient-limited conditions, it is possible that older stands will respond less to high CO2 than young stands.  On the other hand, the growth response to rising temperature may be enhanced in older, nutrient-limited stands through stimulation of nutrient supply. 





Another available experimental approach to this topic is through measurements of canopy CO2 exchange: recent measurements of daily net ecosystem production (NEP) of boreal forests suggest that there is a delicate balance between rates of canopy CO2 uptake through photosynthesis and losses through autotrophic and heterotrophic respiration. Some recent reports on CO2 exchange measurements in boreal forests have suggested that daily NEP is seldom negative even in relatively mature boreal forest stands. Hopefully this CRP will include experiments and associated modelling of net CO2 exchange by young versus old forest stands in similar environments.








Links with other GCTE research


Issues in this CRP are closely connected with efforts in several other GCTE Activities. There is a need for two-way linkages with research within Activity 1.4, which addresses the issue of impacts of elevated CO2 on widely differing time-scales, and with patch-scale modelling of climate change impacts on forests in Focus 1. Links are also needed to Activity 2.3, which considers Dynamic Global Vegetation Modelling. Because existing global C budget models do not incorporate the primary mechanisms for the age-related decline of forest NPP, there is need for algorithms developed in this CRP to be available to the DGVM community. An important link is with CO2-enrichment experiments (Activity 1.1); most high CO2 experiments are performed on young, rapidily growing vegetation whereas this project requires measurements on older trees. Another link concerns research on forest structural change during stand development, which is a focus of this CRP and Activity 2.1. 





Next Actions





There is considerable research activity on declining NPP in a range of forest types, and using a variety of experimental and modelling approaches. Relevant research projects are invited to join. A series of Workshops is to be held at the National Center for Ecological Analysis and Synthesis (NCEAS), Santa Barbara USA in 1998-9, to synthesise forest age-sequence data and to use models to determine causes for NPP decline at selected sites. 





�






Five participants (McMurtrie, Dewar, Gower, Kelliher and Ryan) have prepared a proposal for a collaborative research project to integrate field experimentation and modelling perspectives on changes in forest productivity as stands age. That proposal involves application of the G'DAY model (2, 20) to examine resource limitations as stands age and to compare alternative hypotheses for the decline in productivity with age for 7 contrasting forest ecosystems (Acer saccharum in Wisconsin, USA, mixed deciduous stands in North Carolina, USA, Pinus contorta in Colorado, USA, Pinus banksiana in Saskatchewan, Canada, Larix gmelinii near Yakutsk, Siberia, Eucalyptus regnans in Victoria, Australia, and young Eucalyptus saligna in Hawaii, USA). 
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